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Preface 


Lie algebras are not only an interesting mathematical field but also efficient tools to 
analyze the properties of physical systems. Concrete applications comprise the 
formulation of symmetries of Hamiltonian systems, the description of atomic, 
molecular and nuclear spectra, the physics of elementary particles and many 
others. 


In particular, su(N) Lie algebras very frequently appear and "there is hardly any 
student of physics or mathematics who will never come across symbols like su(2) 
and su(3)" (Fuchs, Schweigert, 1997, p. XV). For instance, the algebra su(2) 
describes angular momenta, su(3) is related to harmonic oscillator properties 


(Talmi, 1993, p. 621) or to rotation properties of systems (Talmi, 1993, p. 797; 
Pfeifer, 1998, p.113) and su(4) represents states of elementary particles in the 


quark model (Greiner, Muller, 1994, p. 367) 


This book is mainly directed to undergraduate students of physics or to interested 
physicists. It is conceived to give directly a concrete idea of the su(N) algebras 


and of their laws. The detailed developments, the numerous references to 
preceding places, the figures and many explicit calculations of matrices should 
enable the beginner to follow. Laws which are given without proof are marked 
clearly and mostly checked with numerical tests. Knowledge of linear algebra is a 
prerequisite. Many results are obtained, which hold generally for (simple) Lie 
algebras. Therefore the text on hand can make the lead-in to this field easier. 


The structure of the contents is simple. First, Lie algebras are defined and the 
su(N) algebras are introduced starting from anti-Hermitian matrices. In chapter 3 


the su(2) algebras, their multiplets and the direct product of the multiplets are 
investigated. The treatment of the su(3) multiplets in chapter 4 is more labour- 


intensive. Casimir operators and methods to determine the dimensions of 
multiplets are introduced. In chapter 5 the su(4) multiplets are represented three- 


dimensionally. Making use of the su(4) algebra, the properties of the Cartan-Weyl 
basis are demonstrated. Chapter 6 points to general relations of the su(N) 
algebras. 


Any reader who detects errors is urged to contact the author via the email address 
mailbox@walterpfeifer.ch. Of course, the author is willing to answer questions. 


1 Lie algebras 


In this chapter the Lie algebra is defined and the properties of its underlying vector 
space are described. Discussing the role of the basis elements of the algebra one 
is led to the structure constants, to some of their symmetry properties and to their 
relationship to the adjoint matrices. With these matrices the Killing form is 
constructed. As a natural example for a Lie algebra, general square matrices are 
looked at. The notion of "simplicity" is introduced. 


Operators which constitute a Lie algebra act on vector spaces of functions. By 
means of the corresponding expansion coefficients, properties of these operators 
are shown. The matrices of the expansion coefficients make up a representation of 
the algebra. If this representation is reducible it can be transformed to the 
equivalent block diagonal form. The functions which are assigned to an irreducible 
representation form a multiplet. 


1.1 Definition 


What is a Lie algebra? 


A Lie algebra £ comprises the elements a,b,c,... , which may be general matrices 
with certain properties (real/complex matrix elements, internal symmetries) or 
linear operators etc. The elements can be combined in two different ways. To 


come first, the elements of a Lie algebra must be able to form Lie products [a,b], 
which are also named Lie brackets or commutators. For square matrices a and b 
the well-known relation 


| a,b |= ab -ba (1.1.1) 








defines a commutator, which, of course, is again a matrix. On the other hand, if the 
elements of a Lie algebra are operators or more general quantities the commutator 


[a,b] has still to be defined, but the right hand side of (1.1.1) need not to be 


satisfied. We want that, in addition to the formation of the commutator, it must be 
possible to combine the elements of the Lie algebra linearly, i.e., they constitute a 
vector space. 


Thus, the definition of a Lie algebra £ demands the following properties of its 
elements a,Þb,c,... 


a) the commutator of two elements is again an element of the algebra 


[a,b] e£ foralla,b e£, (1.1.2) 


b) a linear combination œa + fb of the elements a and b with the real or complex 
numbers gœ and £ is again an element of the algebra i.e. 


aa+BbeLl, ifabeL. (1.1.3) 


Therefore the element O (zero) belongs to the algebra. 


c) The following linearity is postulated 

[aa+ Bb,c|=al[a,c|+ [b,c] forall a,b,c e £. (1.1.4) 
d) Interchanging both elements of a commutator results in the relation 

[a,b] =-[b,a]. (1.1.5) 


With (1.1.5) and (1.1.4) one proves that also |a, 2b +yc]= £|a,b]+y[a,c] holds. 


Of course, we have [c,c]=0. 

e) Finally the Jacobi identity has to be satisfied as follows 
|a.[b,c]|+[|b.[c,a]]+[c.[a,b]|=0. (1.1.6) 
Using (1.1.1) one shows that this identity holds for square matrices. 


Note that we don't demand that the commutators are associative i.e. the relation 
| a,[b,c]|=[|[a,b],c | is not true in general. Some authors choose other logical 
sequences of postulates for the Lie algebra. For instance one can define [c.c] =0 
and deduce (1.1.5) (Carter, 1995, p. 5). 


f) In addition to a) up to e) we demand that a Lie algebra has a finite dimension n 
i.e. it comprises a set of n linearly independent elements e,,e,,...,e,, which act as 
a basis, by which every element x of the algebra can be represented like this 


x= Se, (1.1.7) 


In other words, the algebra constitutes an n—dimensional vector space. Sometimes 
the dimension is named order. If the coefficients ¢, in (1.1.7) and a, in (1.1.3) 


are real the algebra is named real. In a complex or complexified algebra the 
coefficients are complex. 


We summarize points a) up to f): A Lie algebra is a vector space with an alternate 
product satisfying the Jacobi condition. 


In accordance with the definition point e) the basis elements e, meet the Jacobi 
identity (1.1.6). If this is the case, the arbitrary elements 


x=) Fev), ne and z=) ce, (1.1.8) 
jal 


satisfy the identity as well. We introduce a symbol for the Jacobi form 
{a,b,c} =|a,[b,c]]+| b,[c,a]]+|c,[a,6]], (1.1.9) 


which is linear in a, b, c. Replacing these elements by x, y and z and inserting the 
expressions for x, y and z we obtain 


{XYZ} = Di SMG {OO rex} (1.1.10) 


Since every Jacobi form on the right hand side vanishes, it is proved that in order 
to have the identity (1.1.6), it suffices to ask that the condition is satisfied by the 
basis elements. 


Clearly the choice of the basis e,,e,,...,e, is arbitrary. With a nonsingular matrix 
r , which contains the real or complex numbers r,,, a new basis e7,6},...,e, can be 
built this way 


e, =>) fas (1.1.11) 


The new elements meet the Jacobi identity, which is shown in (1.1.10). It is a well- 
known fact that the elements e, are linearly independent if e,,e,,...,e, do and if r 


is non-singular. Of course a change of the basis of a complex (or real) Lie algebra 
by means of complex (or real) coefficients r, in (1.1.11) restores the algebra and it 
keeps its name. 


The structure constants 


Due to (1.1.2) the commutator of two basis elements belongs also to the algebra 
and, following (1.1.7) it can be written like this 


[e,,e, | = DV Cue; . (1.1.12) 
i=l 


The n° coefficients Care called structure constants, relative to the {e,}-basis. 


They are not invariant under a transformation as per (1.1.11) (See (1.1.17)). Given 
the set of basis elements, the structure constants specify the Lie algebra 
completely. Of course, a Lie algebra with complex structure constants is complex 
itself. Clearly, if the structure constants are real, a real Lie algebra can be 
constructed on its basis. 


The commutator of the elements x and y, (1.1.8), can be expressed by the basis 
elements as follows 


[%¥] =>) ém ene; |= È pén Cre (1.1.13) 


Analogously the structure constants of the new basis e;,e},...,e;, (1.1.11), are 
determined this way 


[arel] = FE nra lepe] = XC men (1.1.14) 
ii 


jlm 


Since r is nonsingular, the inverse matrix r^ exists and 


X (r*) e, =e, holds, (1.1.15) 


p mp 


which we insert in (1.1.14) like this 


[erei] = E ruCm (r) (116) 


p 
jmp mp 


Thus, the structure constants of the new basis read 
Cee Z iuC im a (1.1.17) 
We insert (1.1.12) in the Jacoby identity (1.1.6) and obtain 
0=(e,[¢,,e, ||+[e;,[e.e]]+[e.[e.¢, |]= 
2 Cu [e,e,]+ 2 Cu (ee, |+ 2 Cy [ëp ]= (1.1.18) 
2 CHCE + 2 CUC mem + 2, CyC umen . 


Because the basis elements e,, are linearly independent, we get n equations for 
given values /, j, k like this 


O= F (CuCC + GaC in +m) MPS Dei, (1.1.19) 
l 
We write the antisymmetry relation (1.1.5) of commutators as [e,,e,]=—[e,,e;| 
and insert equation (1.1.12), which yields >) C,,e, =—)) C,)€,. Due to the linear 
independence of the basis elements we obtain n equations for given values i,k of 
the following form 
Cig = Cy - (1.1.20) 


In Section 2.3 we will see that in su (N) -algebras the structure constants relative 
to the fe,} -basis are antisymmetric in all indices and not only in the first two ones 
like in (1.1.20). 


The adjoint matrices 

Here we introduce the adjoint or ad -matrices. As per (1.1.2) the commutator of 
an arbitrary element a of a Lie algebra with basis elements e, must be a linear 
combination of the basis elements similarly to (1.1.12). Therefore we write 


[a,e,]= > (ad (a)),e, for k=1,2,---,n. (1.1.21) 
fa 
The coefficients (ad (a)), are elements of the nxn -matrix ad (a). It is easy to 
show that it is linear in the arguments like this: 


ad (aa+ Bb) = aad (a)+ Bad (b) (1.1.22) 
and the following commutator relation holds: 
ad| (a,b) |=| ad (a), ad (b) |. (1.1.23) 


replacing a by e,in (1.1.21) yields 


[e,,e, | =X (ad (e,)), e. (1.1.24) 


Comparing with (1.1.12) we obtain 
(ad (e,)), =Cu (1.1.25) 


We will come back to the adjoint matrices in Sections 1.4 and 3.1. 
These ad -matrices appear also in the so-called "Killing form", which plays an 


important part in the analysis of the structure of algebras. 


The Killing form 
The "Killing form" B(a,b) corresponding to any two elements a and b of a Lie 
algebra is defined by 

B(a,b)=Tr (ad (a)-ad (b)). (1.1.26) 


The symbol Tr denotes the trace of the matrix product. It can be shown that the 
Killing form B(a,b) is symmetric and bilinear in the elements a and b. We write 


the Killing form of the basis elements e, and e, of a Lie algebra 
B(e,,e;)=Tr (ad (e,)-aa (e, )) = [Zene (aafe), ); (1.1.27) 


With (1.1.25) we have 


B(e,€))= Z CuCu . (1.1.28) 


In Sections 2.3 and 3.1 we will deal with the Killing form of su(N) and su(2), 
respectively. 


Simplicity 


From the theoretical point of view it is important to know whether a Lie algebra is 
simple. We give the appropriate definitions concisely. 


A Lie algebra is said to be simple if it is not Abelian and does not possess a proper 
invariant Lie subalgebra. 


The terms used here are defined as follows: 


- A Lie algebra £ is said to be Abelian if [a,b] =0 for all a,b € £ . Thus, in an 
Abelian Lie algebra all the structure constants are zero. 


- A subalgebra £' of a Lie algebra £ is a subset of elements of £ that 
themselves form a Lie algebra with the same commutator and field as that 
of £L. This implies that £’ is real if £ is real and L’ is complex if £ is 
complex. 


- A subalgebra L' + {0} is said to be proper if at least one element of £ is not 
contained in L’. 


- A subalgebra £’ ofa Lie algebra £ is said to be invariant if [a,b] e L' for all 
ae’ and be ZL. An invariant subalgebra is also named ideal. 


We will meet simple Lie algebras in Sections 2.2 and 4.2. 


Example 


Obviously, square N-dimensional matrices (N x N-matrices, sometimes called 
matrices of rank N) constitute a Lie algebra. The commutators and linear 
combinations are again N-dimensional matrices and the conditions a) up to e) are 
satisfied. The basis matrices for matrices with complex matrix elements can be 


chosen like this, where i= J-1: 


1 0 0\/O 1 0 0 0 0 
0 0 0 0 1 0 


O O 
O 


O 
O 
O 
(æ) 
io) 
O 
O 








(1.1.29) 
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The set (1.1.29) can be written using the square matrices E which shows the 


value 1 at the position (i,j) and zeros elsewhere. The canonical basis 


fE} eilE,} forms the basis (1.1.29). 


=i 


Using these 2N° basis elements the definition point f) is met with real coefficients 
é in (1.1.7). In a word, the complex matrices of order N form a real vector space 


of dimension 2N’. On the other hand, the same vector space of complex N xN - 
matrices can be constructed using complex coefficients and the basis ene The 


resulting complex algebra is named m(N,C) and it has the dimension N°. In 


Section 2.2 we will interrelate it with u(N). 


1.2 Isomorphic Lie algebras 


A Lie algebra with elements a,b... is isomorphic to an other Lie algebra with 
elements A,B... if an unambiguous mapping ¢(a)=A, ¢(b)=B,... exists which is 
reversible, i.e. ¢“(A) =a, ø” (B)=pb,... . It has to meet the relations 


¢(aa+ Bb) = ag(a)+ Bd(b) 
g ([a.b]) =[9(a),.6(b) | 


for all scalars @ and £. 


(1.2.1) 


The structure of both Lie algebras is identical and we expect that both have the 
same dimension n. Supposed e,,e,,..,e, are the basis elements of the first Lie 


algebra, then ¢(e,),¢(e,),.-,.¢(e,) is a basis of the isomorphic Lie algebra. Of 
course, two isomorphic Lie algebras have the same structure constants. 


Here the Ado theorem is given without proof: 


Every abstract Lie algebra is isomorphic to a Lie algebra of matrices with the 
commutator defined as in equation (1.1.1). 


Consequently, the properties of Lie algebras can be studied by investigating the 
relatively vivid matrix algebras. 


1.3 Operators and Functions 
The general set-up 


In addition to the definition points a) up to f) of section 1.1 we demand that 
operators which form a Lie algebra act linearly on functions. These functions or 
states or "kets" make up a d-dimensional vector space with linearly independent 
basis functions y,,y,,..,W4 Or |1),|2),..,]@). That is, an arbitrary function y of this 


space can be written as 


11 


d 
w=} CW (1.3.1) 


k=1 
with real or complex coefficients c, 


We demand that the operators of the Lie algebra acting on a function produce a 
transformation of the function so that the result lies still in the original vector space. 
If we let act the element x of the Lie algebra on the basis function y, , it yields the 
following linear combination of basis functions 


=> I(x) y . (1.3.2) 


l=1 Ik 


Notice the sequence of the indices in Z’. Making use of (1.3.1) we can write down 
the action of x on an arbitrary function w like this 


d 


Xy= Vel (x). ; (1.3.3) 


kl=1 


which is a consequence of the linearity of x. In section 1.4 we will see that r(x), 


is linear in x, i.e. T(x), -F( Sse = Sere), . Therefore equation (1.3.3) 
i=1 i=1 


results in 


xy- ey =Y Y écr (e) y - (1.3.4) 


i=1 i=1 k,l=1 


We see that the action of the operators constituting a Lie algebra on the functions 
is mainly described by the coefficients 7” (e,), . 


Furthermore we demand that the vector space of the functions is an inner product 
space. That is to say, for every pair of functions y and ọ an inner product lylo) 


is defined with the following well-known properties 


i. (wle) =(@|w)* (complex conjugate) 

i vlo+o')=(v|9)+ ule) 

iii. (w|cø)}=c/w|ọ)} (c: complex or real number) 
iv. (y w) >0 

v.  (w|w) =0, if and only if y =0. 





Note that we obtain (cy|g)=c*(y|g) from i and iii. The state (w| is named 
adjoint of |y) . 


In an inner product vector space with linearly independent basis functions 
WoWa,- Wy it is always possible to construct an orthogonal basis y°:,y°2,...,y°a 


, which satisfies 


12 


p 


In the following, we will presuppose that the basis functions are orthonormalized, 
which is not a restriction. Assuming this property we form the inner product of both 
sides of eq. (1.3.2) with the basis function y,, 





y)=5, ik=1,2,... 0. (1.3.5) 


Me 


(an) =È F(x). ETO 657 H).. (1.3.6) 


T 
AR 


In section 1.4 we will refer to the quadratic matrix r(x) , which contains the matrix 
elements T(x) 


mk ` 
Further properties 


We look into further properties of the operators constituting a Lie algebra and of 
the affiliated basic functions. In analogy to (1.3.6) we make up the inner product of 
both sides of eq. (1.3.1) with the basis function y,, as follows 


d 
(Vin |W) = ÈC Win We) = Cn » (1.3.7) 
k=1 
which we insert again in eq. (1.3.1) like this 
d 
y= dy vily): (1.3.8) 
j=1 


The functions y and y, are ket states and can be marked by the ket symbol this 
way 


-Èli (1.3.9) 


d 
Formally we can regard the expression )°|y,)(y;| as an operator which restores 
jal 


the state lv) like the identity operator 1. That is the completeness relation 


SIvi)vil=2 (1.3.10) 


We apply it in order to formulate a matrix element of a sequence of two 
operators, Say x and y, like this 


(Vi [V Ve) = (Vi|XIV w) = DVR ely Ye) (1.3.11) 


j=l 


Making use of (1.3.6) we have the result 


d 


(x) Èr), Y), OF LOV)=LONLYY) (1.3.12) 


j=1 
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l.e., the matrices Z multiply in analogy with the corresponding operators. 


Now, we investigate the matrix r(x) containing the matrix elements 
T(x), =(v;|Xw,}), the adjoint of this matrix and adjoint operators. By definition, 


the adjoint matrix of T(x), L(x)’, is transposed and conjugate complex, i.e., 


r(x), =y. (1.3.13) 
condition i of the inner product definition yields 

T(x) = (xy; w). (1.3.14) 
We define the adjoint operator x’ by 

r(x)", = (xy lv) = mx w) (1.3.15) 


Using this relation we write the matrix element of a sequence of two operators this 


way (xy |y) = (ynl y= ly x YE) OF (xyy ly) = ly) w). Thus 
we have found 


(xy) =y'x' (1.3.16) 


in accordance with the matrix relation (2.2.3). 


1.4 Representation of a Lie algebra 
Definition 


Suppose that x,y and éx+ņy are elements of a Lie algebra Z and that to every 
xe Z there exists a d xd -matrix R(x) such that 


R(Ex+ny)=ER(x)+yR(y) and (1.4.1) 


R(sy]) =[2). 8): (1.4.2) 
Then these matrices are said to form a d -dimensional representation of Z . 


Clearly, the set of matrices R (x) forms a Lie algebra over the same field (with real 
or complex coefficients ¢,7) as Z. 


In (1.1.21) the adjoint or ad matrices were introduced. Starting from (1.1.22) and 
(1.1.23) for simple Lie algebras it can be proved that the matrices 
{ad(x),ad(y),--+} constitute a representation of the algebra {x,y,---}. This is the 
regular or adjoint representation. 
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We come back to the elements 7 (x),. (1.3.2) and (1.3.8), which make up the 


matrix Z (x). We now maintain that the matrices C(x), L(y), ... constitute a 


representation of the Lie algebra x,y, ... . AS in section 1.3 we presuppose that 
the set of basis functions y,,y,,..,y, iS associated to the Lie algebra and the 


relation (1.3.2) holds as xy, -Š T(x) y, with T(x), =(y,|xy,) , see (1.3.6). 
l=1 Ik 
According to (1.3..5) the states y,,y,,..,y, can be regarded as orthonormalized, 


i.e. (y, Wm) = Om z 


We prove our assertion. First we deal with the linearity property of the matrices J’. 
For the moment we handle with the matrix element (/k): 


I(éx+ny), = (y (Ex + nyw) = EL (x) + (Y da (1.4.3) 
Of course, the same relation holds for the whole matrices: 
L (Ex +ny)=EL(x)+nL(y). (1.4.4) 


Next we treat the commutator relation, which will be similar to (1.4.2). For the 
commutator [x, y] we don't take the abstract form (1.1.2) but we choose 


[x,y] =xy —yx. (1.4.5) 


Following (1.4.4) we write 


LP ([x.y]) =L0xy -yx) = L(xy)-L (yx) . (1.4.6) 
With eq. (1.3.12) we obtain 
L(6y])=LONLY)- LY) L(x) =| LOO).LY)]. (1.4.7) 


Therefore, the equations (1.4.4) and (1.4.7) show that the L(x), (y)... 


represent the Lie algebra {x,y,...} . 


1.5 Reducible and irreducible representations, 
multiplets. 
Let's suppose that the vector space of functions of a Lie algebra is the direct sum 


of two subspaces A and B, i.e. that the basis functions are split into two sets 
WisWor Ya EA ANd WaWa Wa = Wa) EB . Furthermore, we assume that the 
subspaces are invariant, i.e., for every operator x of the Lie algebra the relation 
(1.3.2) is modified like this 


d 


Xy,=) I(x A if A and 
Wk È (x) vi YE WE (1.5.1) 


y,eB if yw,€B 
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That is, the transformation of the functions takes place only in the vector subspace 
of the original basis function. This means that 


if 1<k<a then 1</<a or 


i (1.5.2) 
if at+i<k<a+b=d then a+1<l<a+b=d. 


Consequently only those coefficients Z’ (x), are non-zero which meet the 


conditions (1.5.2). Therefore the matrix L(x) has the following form 


i a. We, OL. Or 6. 0 
| ae oe 0 
r(x)=| o eee Ta (1.5.3) 
0 
0 0 Taan Taa 


If in a Lie algebra all matrices r(x) are divided in this way in two or more 


squares along the diagonal, the representation is named reducible. some authors 
call it "completely reducible". 


On the other hand, if the operators constituting the algebra transform every 
function among functions of the entire vector space, there is no nontrivial invariant 
subspace (as defined at the beginning of this section). In this case, the matrices 
r(x) cannot be decomposed in two or more square matrices along the diagonal, 


and the representation is named irreducible. The vector space of the functions of 
such a representation is called a multiplet. For particle physics, multiplets are very 
important. 


We go back to the representation (1.5.3). The squares in the matrix are irreducible 
representations, i.e. the reducible representation is decomposed into the direct 
sum of irreducible representations. 


If we interchange the basis functions or if we transform the basis more generally, it 
happens that we lose the structure of (1.5.3) i.e. the non-zero matrix elements can 
be spread over the entire matrix and the representation seems not to be reducible. 
However, one can reduce such a representation to the form (1.5.3) by a similarity 
transformation, where every matrix of the representation is transformed in the 
same way as set out below. H. Weyl proved that every finite dimensional 
representation of a semi-simple algebra decomposes into the direct sum of 
irreducible representations. Since the algebras su (N) are simple, this theorem 


holds also for them. 


We investigate the transformations of representations. If S is a non-singular 
d xd matrix, starting from a representation of the Lie algebra with the d- 
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dimensional matrices L(x), we are able to construct a new representation 
constituted by the elements 


L(x)=S°L(x)S. 


(1.5.4) 
The matrix S is independent of x. 


First, we have to show that the matrices I” (x) meet the linearity relation 
(1.4.4), namely 


-1 


T (ëx+ny)=S L(Ex+ny)S=S EL(x)S+S nE(y)S 


1.5.5 
-EL (x)+n L(y) QED. E 


Then, the commutator relation is treated like this 
(x)S*SL(y)S-S"L(y)S*SL(x)S= (1.5.6) 


Consequently the set of matrices L'(x) also forms a _ d-dimensional 


representation. {7} and {J”'| are said to be equivalent representations. 


A given representation {T} is reducible, if one can find the matrix S in (1.5.4) so 
that all representation matrices T' (x) of the equivalent representation have the 
same block-diagonal form (1.5.3) with two or more squares. If the matrices of the 
basis elements, J” (e,),Z'(e,),...Z' (e,) have obtained this form, obviously 
every matrix of the equivalent representation shows the same form (Note: the 
commutator of two matrices with the same block diagram structure generates a 
matrix which has the same structure). 

Assume that the basis functions y,,y,,..,y, are assigned to the representation 


{£(x)}. What can be said about the basis functions y/,v,..,y/, which belong 


to the equivalent representation {L'(x)} We claim that the basis functions 


d 
Vi, => Smm (with S from (1.5.4)) (1.5.7) 
m=1 


d 
meet the relation xy, = Ye Six y,, We let the linear operator x act on equation 
m=1 


(1.5.7). Making use of (1.3.2) we get 


17 


d d 
Xy, = ISa = > Sml (X) Mp: 


m=1 m,p=1 
Because S is non-singular the equation (1.5.7) can be inverted like this 


d 
Yp = Sey , which we insert using (1.5.4) like this 


q=1 
d d 
XY,= > Sa (%) on (S*),, VW = > (S*),, T (X) Sim va = 
m,p.q=1 m,p.q=1 (1.5.8) 


d 


SEL] QED, 


q 


If the matrices re (x) of the equivalent representation have the form (1.5.3) with 


two or more squares on the diagonal, the vector space of the functions yi, y5, .. y4 


is divided in invariant subspaces. Due to (1.5.8) the operator x (and all the 
Operators of the Lie algebra) transform the states of a subspace among 
themselves as described in the example at the beginning of this section. The 
structure of the basis functions is given in (1.5.7). 
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2 The Lie algebras su(N) 


Square Hermitian matrices and their basis elements are displayed. The traceless 
version is formed. Square anti-Hermitian matrices are shown to constitute a Lie 


algebra u(N). The traceless version is su(N). The Lie group SU(N) is 
introduced and its correspondence to su(N) is described. The total antisymmetry 
of the structure constants of su(N) is shown. Now the Killing form can be given in 
more detail. 


2.1 Hermitian matrices 
Before we deal with su(N)-algebras we look at Hermitian matrices 4 of the 
dimension N (NxN matrices). Hermiticity means that the adjoint of the matrix 4 


i.e. the conjugate complex and additionally transposed (reflected on the diagonal) 
matrix 2’ is identical with 4 , that is 


A Ed (2.1.1) 
This equation results in the following condition for matrix elements 
A *k = Mai (2.1.2) 
If we have, for instance, 4, =r =+is (r, s real, i=J-1) and if all other matrix 
elements vanish apart from 223, the matrix reads 
o 0 0 0 0 0 0 0 0 0 0 0 
0 O- r-is O O 1 00 -i 
O r+is O =rjO 1 0 +s|O i O0 . (2.1.3) 
0 0 0 0 0 0 


We observe that every matrix of the type (2.1.1) can be constructed linearly by the 
following basis elements 


1 0 0) (0 0 0) (0 0 0 
0 0 01 0 0 
; ts ; (2.1.4) 





1 0\/O O 1 0 0 0 0 
1 0 0 0 
0 uh 
1 
0) 0 0 0 1 0 
(2.1.5) 
-i 0\/O 0 A 0 0 0 0 
i O 0 0 0 0 
14 0 prey , 
. : O -i 
0 0) \0 0 0 i O 


if we admit only real coefficients in the construction. Obviously the matrices (2.1.5) 
have vanishing traces (Sums of the diagonal elements). If one replaces the 
matrices (2.1.4) by 


1 0 0)(0 o 0) (0 0 
0 -1 01 
0 a1 Pe 0 (2.1.6) 
1 
0 0} lo o) lo -1 


one obtains a complete set of Hermitian basis matrices with vanishing traces. It is 
easy to show that an arbitrary diagonal and Hermitian matrix with vanishing trace 
can be constructed by a real linear combination of the matrices (2.1.6). In the 
literature, instead of the set (2.1.6), a set with the same number of linearly 
independent linear combinations of these matrices are used (see section 2.3, 
(4.1.2), (5.1.3)). Simple counting reveals that there are N? matrices in (2.1.4) and 
(2.1.5). Replacing (2.1.4) by (2.1.6) reduces the number by 1 so that we obtain 
N? —1. We will see that this number coincides with the so-called dimension of the 
su(N)-algebra. 


2.2 Definition 


We maintain that square anti-Hermitian matrices of dimension N form a Lie 
algebra. A matrix a is anti-Hermitian if its adjoint equals to -a that is 


a =-a. (2.2.1) 


Taking real coefficients a and £, for two anti-Hermitian matrices a and b with 
the same dimension of course the following linear relation holds 


(aa+ b)' =aa' + Bb' = -aa - Bb =-(aa+ fb). (2.2.2) 
Thus, linear combinations with real coefficients of anti-Hermitian matrices are also 


anti-Hermitian. In order to investigate the commutator we make use of the well- 
known relation 
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(ab) =b'a' and write (2.2.3) 


[ab] =(ab)' -(ba)' =b'a' -a'b' =ba-ab=-[a,b]. (2.2.4) 





Obviously the commutator of two anti-Hermitian matrices is also anti-Hermitian. 


Confirming our assertion, these results show that anti-Hermitian NxN matrices 


constitute a real Lie algebra (with real coefficients). It is named u(N)-algebra 
because it is closely related to the Lie group of the unitary matrices. On the one 
hand, it constitutes a vector space over the field of real numbers and on the other 


hand, the matrices of the real matrix algebra u(N) contain complex elements. 


We go into the elements of the matrix algebra u(N). We substitute the general 
anti-Hermitian matrix a by 


1. 
a=-—ih 2.2.5 
eer (2.2.5) 
and form the adjoint equation a= sin’, Inserting both expressions in (2.2.1) we 
obtain 
tint -sih (2.2.6) 


i.e. the matrix h is Hermitian. As mentioned, the matrices (2.1.4) and (2.1.5), 
which we now name Å, (i =1---,N’), are a basis for Hermitian matrices. 


Therefore, the elements {$2} are a basis for the vector space of anti- 


Hermitian matrices, i.e. for u(N). (by the way, note that the commutator of 


Hermitian matrices is not Hermitian but anti-Hermitian, which can be proven in 
analogy to (2.2.4)). 


Here we look into the direct sum of the real vector spaces u(N) (set up by anti- 
Hermitian matrices) and iu(N) (Hermitian matrices). It comprises the basis 


elements Si, and žia, -54 with 2's from (2.1.4) and (2.1.5). Pairs of these 


elements form the 2N* basis elements of (1.1.29). As explained there, their real 
vector space coincides with the vector space of m(N,C). thus we can write 


m(N,C) =u(N) @iu(N) (2.2.7) 


The symbol ® denotes the direct sum. The vector spaces u(N) and iu(N) are 
isomorphic and each has the dimension N°. The vector space u(N)@iu(N) can 
also be obtained starting with u(N) by replacing its field of the real numbers by 
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the field of the complex numbers. This procedure is named complexification of the 
real algebra u(N). A real Lie algebra can be complexified in case its basis 


elements stay linearly independent when the field of numbers is replaced by a 
complex one. It can be shown that the Lie algebras u(N) and su(N) satisfy this 


condition. 


Now we restrict ourselves to anti-Hermitian N xN -matrices a.,b.,... with 


sis) 
vanishing traces. Of course, linear combinations of such matrices have also 
vanishing traces. Generally the trace of the commutator of matrices vanishes 


because of the matrix relation Tr (ab) =Tr(ba). Analogously to (2.2.5) we write 


A ; which has also a 


a = -Sih, defining the corresponding Hermitian matrix h 


vanishing trace: 
Tr (h,)=0. (2.2.8) 


Every anti-Hermitian matrix with vanishing trace can be formed as a linear 
combination with real coefficients of the matrices 


T 
e =-—i1. 2.2.9 
e=-5i4, (2.2.9) 


where /, are basis matrices given in (2.1.6) and (2.1.5). Therefore we have found 
that the basis elements e , (2.2.9), constitute a real Lie algebra. It represents a 


special kind of the u(N) algebra and is named su(N). It is a subalgebra of the real 
Lie algebra u(N) and has N° —1 basis matrices (see section 2.1). According to f) in 
subsection 1.1.1, it possesses therefore the 


dimension n = N? —1 (2.2.10) 


(not to confound with the matrix dimension N). Sometimes the Hermitian 
matrices 2,, which are given in (2.1.6) and (2.1.5), are named generators of the 


algebra su(N). Note that they don't form a real Lie algebra (the e ‘s dol). 


It can be shown that the Lie algebras su(N) are simple (see subsection 1.1.5 and 
section 1.5). In section 4.2 we will check this property for su(3). 


Here we mention the relation between the Lie algebra su(N) and the compact 
Lie group SU(N). By definition, the group SU(N) is constituted by unitary, N- 
dimensional matrices A (a’ ZAN] with determinants detA =1. The product AB 


of arbitrary members A and B meets 


-1 


(AB) =B'A'=B‘*A*=(AB) and 
det(AB) = detA -detB =1, 








(2.2.11) 
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where well-known matrix relations have been applied. We see that the product is 
also unitary, has determinant 1 and is therefore a member of the group. For every 


A exists the inverse element A“. The product AA’ =E =1, yields the identity 
element E, which meets EA=AE =A. These facts ensure that the elements 


A,B,--- form a group. This group SU(N) fulfills more sophisticated criteria not 
explained here which identify it to be a linear and compact Lie group. 


It can be shown that the matrix elements of the N xN -matrices A of SU(N) are 
analytic functions of n real parameters x,,X,,---,xX, with n=N?*—-1,as we will 
display for SU (2) in section 3.1. The number n is the dimension of the group. 


The analytic dependence permits to differentiate the matrix elements 
Ai, (Xu X21 X, ) Of the group element A(x,,x,,---,X,) Of SU(N) with respect to x, ; 


i.e., the function A, (XXX) exists for every set of parameters 
x) 


{Xu X2 Xn}. 


Without proof, we state the following remarkable relation between the group 
SU(N) and the algebra su (N): 


ô 


A (Xp Xa X, PEE =(e), (ik =12,-.Ni1=12,---,7), (2.2.12) 
I 


where (e, a is a matrix element of the basis element e, of the real Lie algebra 
su(N). In summary one says: the linear Lie group SU(N) "corresponds" to the 


real Lie algebra su(N). This relation holds generally: for every linear Lie group 


exists a corresponding real Lie algebra. In section 3.1 we will check this theorem 
for SU(2) and su(2). 


The Lie algebra su(N) can also be constituted by operators. Their basis 
elements e, correspond one-to-one to the basis matrices e; (see 2.2.9). We 


define the operators e, by the equation 
ev, => (e;) v. (2.2.13) 
l=1 Ik 


That is, we attribute a multiplet of N functions - the so-called fundamental multiplet 
- to the su(N)-algebra and demand that the action of e; on a function y, 


generates the linear combination (2.2.13). The quantity (ei) is a matrix element 
of e The relation (2.2.13) correspond to (1.3.2) and consequently 


(yle, w) =(e;), (2.2.14) 


holds in analogy to (1.3.6). Due to (2.2.1) the basis matrices e, are anti-Hermitian: 
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=j 


e'= ze Le: (e), =-(e;),. Following (2.2.14) and (1.3.15) we have 
(yle w) =-(y; |e; Wg), which yields 
i.e. the basis operators are also anti-Hermitian. Corresponding to (2.2.9) we define 


the operators A, by 


T 
e; mM (2.2.16) 


The fundamental multiplet satisfies 
(vila; w) =(4), and (2.2.17) 
P 
A, =A, holds. (2.2.18) 


An analogous consideration reveals that basis matrices F(e,) (see (1.3.2)) which 
correspond to any function set of su(N) are anti-Hermitian. 


2.3 Structure constants of su(N) 
Due to (1.1.12) we can write 


[e,.e, |= 


Cw, (2.3.1) 
=1 


=- 


which results in | 4,,4, |= X Cw 2i2, (2.3.2) 
l=1 


by means of (2.2.9). The scalar Cx is a structure constant of the real Lie algebra 
su(N) with basis elements e, (not 4) and n is the dimension of the algebra. 


Because the algebra su(N) is real, the structure constants are real (otherwise the 


right hand side of (2.3.1) would not be purely anti-Hermitian). In order to display 
further properties of Cj, we look at the trace of products of matrices 4. For 


Hermitian basis matrices in (2.1.5), say 2 and 2, , the following relation holds 
Tr (4,4, )=25, | (2.3.3) 


which can be seen directly by treating products numerically. For the diagonal 
matrices in (2.1.6) this relation is only true for su(2) but for the higher su(N) it isn't. 
However the set of matrices (2.1.6) can be replaced by a set with the same 
number of linearly independent matrices which are real linear combinations of the 
matrices (2.1.6) and which satisfy the relation (2.3.3). For su(3) this set is given in 
section 4.1 and for su(4) in section 5.1. From now on, for the Hermitian, diagonal 
basis matrices A, we take these ones and the off-diagonal diagonal matrices from 


(2.1.5). 
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Making use of (2.3.2) and (2.3.3) we calculate the trace 
Tt (Ad, A) Ay Celt (4.2. \= Ay Cy, n =A (2.3.4) 


That is, the whole set of 2, given, the structure constants can be calculated by 


Cig = aT ([4, 4, |4,) (2.3.5) 


Using again the matrix relation Tr (ab) = Tr (ba) we can treat (2.3.4) as follows 


AiCy, =Tr ([4,.2, |4,)=Tr (4,4,4, -4,4,4,) =-Tr (4,4,4, -2,4,4,) = 


= (=k =! 














(2.3.6) 





=-Tr (4,44, -4,4,4,) = -Tr ([4,.4, ]4,) =-4'Cin 





In view of (1.1.20), we realize that an odd permutation of the indices of C,, 
changes its sign. In other words C,, is totally antisymmetric in all indices. 


Consequently, no index appears more than once in a non-vanishing structure 
constant. 


Here the "Killing form" corresponding to the basis elements e, and e, can be 
remodelled. Using (1.1.28) and (2.3.6), we write 


B(e,.e,] = 2 CuC jk = = CC jus: (2.3.7) 
k=l 


l,k=1 


Therefore, the diagonal elements 
n 


Ble,e,)=-> Ch (2.3.8) 


l,k=1 


are negative, because the structure constants are real as stated above. The trace 
of the matrix B, which contains the matrix elements B(e..e,), is negative. In 


section 3.1 the "Killing form" of su(2) is calculated in detail. 
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3 The Lie algebra su(2) 


The basis elements of the matrix algebra su (2) and the corresponding structure 
constants are given. In detail it is shown that the Lie group SU(2) "corresponds" to 
the algebra su (2). Another detailed calculation yields the basis matrices of the 
adjoint representation of su (2). They are used to make up the Killing form of 
su (2). 


Starting from the basis operators constituting su (2), a convenient representation 
is looked for with a diagonal "third" element. Its diagonal values characterize its 
eigenfunctions. These are also eigenfunctions of the quadratic Casimir operator. 
The sets of eigenvalues of both operators are developed. Acting on these 
eigenfunctions, the basis operators - or their Hermitian equivalents - generate 
expansion coefficients, which result in irreducible representations. Their basis 
matrices are calculated for j =1/2, 1 and 3/2. 


The "direct product" of two irreducible representations and its affiliated product 
functions are investigated. An equivalent representation has affiliated functions, 
which are constructed using Clebsch-Gordan coefficients and which again set up 


eigenfunctions of the su (2) -operators. The representation matrices for 
(/,j') =(4/2,1/2) and (1,1/2) are calculated. 


A graphical procedure is displayed which generates the set of multiplets resulting 
from a direct product of su(2) -multiplets. 


3.1 The generators of the su(2)-algebra. 


From section 2.2 we infer that anti-Hermitian 2x2-matrices with vanishing trace 
constitute the real Lie algebra su(2). Following (2.2.9), (2.1.5) and (2.1.6) we write 
the basis elements like this 


o 1 0 i 10 
dach ea ea (3.1.1) 
=""ol4 a} = 2li of = aoa 


These expressions show that su(2) has dimension 3 = 2° — 1 according to (2.2.10). 
The commutators read 


[e e, |=e, » cyclic in 1,2,3. (3.1.2) 


Other exchanges of indices change the relative sign in (3.1.2) and no index 
appears twice in the same non-vanishing equation. From (2.3.1) and (3.1.2) we 
obtain the following simple structure constants 





Ciz = Cog, = Cay. = 1, (3.1.3) 
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which is also true for the isomorphic su(2)-algebra constituted by the basis 
operators e; , (2.2.16). Due to e = -Zik (2.2.9), the basis elements can be 


written with the Hermitian matrices (generators) 


OEE 
4 = i aE » 4 (3.1.4) 
=1 10 =2 i o =3 0 = 


for which the relation 
| 2,4, |= 214, (3.1.5) 


holds with cyclic permutations (see also (2.3.2)). The ⁄,’s are named Pauli spin 
matrices and form a complex Lie algebra of 2x2-matrices. 


At this early stage we mention the parallelism between the real Lie algebra 
su(2) and the special, linear, complex algebra s/(2,C). It comprises 2x2 - 


matrices, and the term "special" denotes the vanishing traces. A natural basis of 
this algebra reads 


(0 AY, (OO), 5. ft 0 ae 
ol} GS os 
satisfying 
[zx]=x [zy] [xy]=2z (3.1.7) 





Obviously, every 2x2 -matrix (including complex elements) with vanishing trace 
can be written as a linear combination of the matrices (3.1.6) using complex 
coefficients. The coincidence of (3.1.7) with (3.3.3) identifies the algebra 


{J*,J, J3} to be si(2,C). The remark in context with (3.3.29) reveals that 


su(2) and s/(2,C) have the same set of multiplets. 


Here we prove the correspondence between the Lie group SU (2) and the Lie 
algebra su(2) as formulated in section 2.2. An element of the group SU (2), i.e., 
a unitary 2x 2-matrix U with detU =1, can be written using the complex numbers 


a and 8 such that laf +|p) =1 as follows: 


€e L 
uef 4. n (3.1.8) 


1 0 
Obviously UU" =1, “(5 3 and detU =1 as demanded. With «œ =a,+ia, and 


b = B +ib, (@,,a,,f,,8, real), the determinant condition reads 


a; +a, + B +p =1, i.e., there are three free parameters. We set conveniently 
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Ot == 5%, py=- 3X b =-5%, and obtain a? =1-2(x2 +8 +x). We take 


the minus sign for œ. That is, 


U = . (3.1.9) 





We see that every matrix element of U is an analytic function of the parameters 
X,,X5,X3, aS indicated in section 2.2. Following (2.2.12) we calculate 


0 0 


al Aa = ax, | 22 ere = 0, 
ð ð 1. 
ay, Ve kird = ay, Varer- E ~ 5" 
Using (3.1.1) we sum up: L Uga o = (6): (iK =12). Analogously, one 
1 
finds : os =(e,), and : AOE =(e,), in accordance with 


(2.2.12). Indeed, the group SU (2) "corresponds" with the algebra su(2). 


How can a given Lie algebra with basis elements e;,e, ande; be identified as 
su(2)-algebra? We clear up if every e,e,,e; can be written using real 
coefficients as a linear combination of the basis elements e,,e, ,e, of su(2).The 
structure constants of the unidentified Lie algebra meet the relations 


2Cue| =[e/,e;]. (3.1.10) 
The ansatz just mentioned reads 
e= due, Ang real, (3.1.11) 
q 
which we insert in (3.1.8) this way 


e A e A e e (3.1.12) 
In jm jmn 
Because the basis elements e, are linearly independent, we obtain three 
equations (for n = 1,2,3): $ Chd, =J, d;d,mC mn With the values for Cjmn from 
I jm 


(3.1.3), we have 
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> Cud, = d,2d;3 zZ 30,5 
l 

bere = oe Pe = dds : (3.1.13) 
l 

S Chag z dadka -= dod . 
l 


Effectively (3.1.13) displays 9 homogeneous, second-order equations (for i,k = 1, 
2, 3, i < k) for 9 quantities. It is possible that the system is not soluble. If a solution 
exists the investigated algebra is isomorphic to su(2). 


Here we look at the regular or adjoint representation of su(2). Owing to 
(1.1.25), its basis elements consists of 3x3 - matrices ad (e,), which contain the 
matrix elements 


ad (e,), =Cu (3.1.14) 


With (3.1.3) we obtain 


Cii Ciz Cia 0 0 O 
ad (e,) = Cii Ciz Ci =|0 0 -1), 
Cis Ciz C33 O 1 O (3. 1 ; 15) 
001 O0 -1 0 
ad(e,)=| 0 0 O}, ad(e,)=/1 0 0 
-1 00 0 0 O 
Numerical calculation confirm the relation 
| ad (e,),ad (e,) |= ad (e,) (3.1.16) 


with cyclic permutations, in analogy to (3.1.2). It results from the fact that the ad - 
matrices represent the algebra (See section 1.4). 


Here we calculate the "Killing form" of su(2) corresponding to the basis 
elements e, and e, This form is also named metric tensor. Using to (2.3.7) we 
have E 

3 


)= » CimCum: UK =12,3 (3.1.17) 


I,m=1 


B(e,,e 


=i =k 


For su(2) we obtain, for example, B(e..e,) =Cy53Co99 + C132C223 +0 = 0 because of 


C3 =C» =0 (See (2.3.6) and (3.1.3)). So all off-diagonal elements of the matrix 
B vanish: 


B(e,e,)=0 fori#k. (3.1.18) 
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Analogously we have, for instance, B(e,.e,) = Cy,.C 39, +Ca,Ca,. = —2.IN fact, every 


diagonal matrix element reads 


B(e,e,)=-2. (3.1.19) 
That is, 
B =-2-1, (3.1.20) 
100 
for su(2) with 1 =|0 1 0 
00 1 


3.2 Operators constituting the algebra su(2) 
The basis operators e; are defined in (2.2.13) by 
eW, = (6) Mi : (3.2.1) 


l=1 


In fact, due to (3.1.1) and (3.2.1) we have 


1. T 

eV, =| UN), ey, =| Wat): (3.2.2) 
1. : Toa 

ey, 255 1(O+lye), ey, =e AEO), (3.2.3) 
1. J: 

ev, =-5i(y, +0), ey me Oey): (3.2.4) 


Of course, the basis operators of su(2) meet 
[e,,e,]=e,, cyclic in 1,2,3, (3.2.5) 


in analogy with (3.1.2). Because, making use of (2.2.14) and (1.3.11), the matrix 

relation (3.1.2) can be deduced from (3.2.5). The inverse is also true. Alluding to 

the quantum mechanical operator of the angular momentum, we introduce 
e.=-iJ,, /=1, 2,3. (3.2.6) 


I I 


From (2.2.15) we have 
-e, = +J, = (-iJ,)' = +J,’ (3.2.7) 


That is, the operators J; are Hermitian corresponding to 4,, (2.2.18). From (3.2.5) 
and (3.2.6) we obtain 


[J,,J,]=iJ, with cyclic permutations. (3.2.8) 
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We introduce the so-called quadratic Casimir operator of su(2) (see also section 
4.11) 
J =J +5, +5, (3.2.9) 


and look at the commutator 





[I3] = +9, |= 93,- + IgJgJ,- III, = 


(3.2.10) 
J,J,J, —J iJ} - J,J J, -iJ;J, + J,J,J, - JJ, - JJ, J; +iJ,J} = 0, 
which holds for every J; : 
| J.J, |=0. (3.2.11) 


Due to (1.3.16), (3.2.7) and (3.2.9) J? is Hermitian too. 


Before we investigate the eigenvalues of J* and J,, we deal with the 
representation of the algebra {e,,e,,e,}. If an operator e; acts on an arbitrary, 
affiliated function w, according to (1.3.2) the relation 


ew, =} T (e) v (3.2.12) 


must hold. If the matrix r (e,) is not diagonal, in order to achieve analogy to 


(3.1.1) and (2.2.13) it is diagonalized (it can be shown that the criteria for the 
diagonalizability are fulfilled). The well-known procedure has been displayed partly 
in section 1.5, thus, here we outline it only briefly. 


A non-singular matrix S has to be found which forms an equivalent 
representation with the elements 


I'(e)=S°L(e)S, (= 1,2,3, (3.2.13) 


(see (1.5.4)) in such a way that L. (e, ) is diagonal with matrix elements 


Yuza- From S T (e,)= Z (e,)S we obtain for the matrix element (k,m) 
d d 
D Su T (€), =Sen¥m = ZT (83) Sm - (3.2.14) 
l=1 


l=1 


For a given m we have a system of d linear, homogeneous equations 
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(1'(e3),,-%m)Smt+ Thes) Smt (€s)g Smt -= =0 
T (8) Sim + F"(€3) 5 —¥m)Sm+ T e)a Sam + ++ =0 
T (e, VG Sim + T (e, des Som a Le (e; Me "me Vad am + .. =0 (3.2.15) 


which is soluble if the determinant of the system vanishes i.e. 
|Z (e,)-17_|=9. (3.2.16) 


This secular equation yields d roots y,,, which constitute L'(e3) and which permit 
to calculate the matrix S by means of (3.2.15). According to (1.5.7) the new basis 


functions |k), which correspond to the representation {r'(e;)}, read 


|k)= $ Sm Vin - (3.2.17) 


Because I'(e3) is diagonal, according to (1.5.8), the following eigenvalue 
equations hold 


e,|k)=7,|k), k=1,2,..,d. (3.2.18) 


Here we go back to the operators J, and J*. We define y, =-—iJ,“” and write 
with the aid of (3.2.6) -iJ,|k) =-J,® |k}. Since the state |k} is characterized by 
the eigenvalue J,‘ , we write for it BAe Finally we drop the index k and obtain 
the following eigenvalue equation 


J; |J3) =Js|J3). (3.2.19) 


It can be shown that the eigenvalues J, are distinct. We now claim that the states 
|J3) are also eigenstates of the operatorJ*, (3.2.9). Due to (3.2.11) we have 
0=(J?,J; ||J;) = 33| 33) -937 |Js)=(J3°-Jz5*)|J,) and =—-J,(J?|J,)) = 
J,(J*|J,)). That is, (J*|J,)) is eigenket of J; alike to |J,) and therefore it must 
be proportional to |J;) like this 


J? |J3) =J|J3). (3.2.20) 


This means that |J3) is also an eigenfunction of J? and is characterized by both 
eigenvalues, that is why we replace Js) by (JJe The eigenvalues J, and J of 


the operators J, and J* are real, as is well-known for Hermitian operators. 
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3.3 Multiplets of su(2) 


In order to investigate the quantities J, and J we introduce the following step 
operators (sometimes named ladder- or shift operators) 


J,=J,+i3,, J =J,-iJ,. (3.3.1) 
They differ slightly from analogous operators used for example by Talmi, 1993, p. 


79 or Pfeifer, 1998, p. 43. Here we follow partially the treatise of Biedenharn et. al., 
1981, p. 31. Due to (3.2.7) the adjoint operator of J, reads 


J,’ =(J, +iJ,)' =J,' -iJ," =J, -iJ,=J_. (3.3.2) 
Using the expressions (3.2.8), one proves the following commutator relations 
[J..J]=25,, [J,a,J=4+9,, [J7,J,]=0, [J7,J,|=0. (3.3.3) 


We define the following kets 

















|+) = J, |J} and |—) = J_|Jy,) (3.3.4) 
and apply the third expression of (3.3.3): 0= [33,3 | JJg) = J? |t)- 3,7 I); i.e. 

J? |+) = J|4) . (3.3.5) 
Similarly, making use of (3.3.3) we form 

|+) = J.|II,) = +[Jg,J.]|IIg) = £939; |J) F J433 |I) i.e. (3.3.6) 

J; |) (dat d)\ (2) (3.3.7) 


That is to say, the state |+)= J, 





JJg) is proportional to IJ +1). Therefore J, is 
named raising operator and J_ lowering operator. 


The question arises how often in succession the operator J, can act on I) or 


whether a positive integer Kmax exists so that J 





JJ) =0 for k > Kma. We make 
up the inner product of two |+)-states and take (1.3.15) and (3.3.2) into account: 
0< (+|+)= (3, (J33) J, (JJ, )) = (|J, (JJ; )}. For the operator product J_J, 
we develop 





2 2 
J? =J? +J; +J,° = Ga, +3.) {ža -3.)) +J = 
2 2i (3.3.8) 


TER JJ jJ = TER SII P29 I eh SI IS ORI 


Therefore we have 
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0<(W,|I_J, |I} = (JJ, |J? -33 — J, | JJ, ) = 
(J - J; (Js +1))( JI | Fd, }=J - J, (J, +1). 





(3.3.9) 


That is why the quantity J}, which increases by 1 with every application of J,, has 
to meet the following condition 


J > Jy (J; +1) (3.3.10) 
and there must exist a maximal value J; max which satisfies |II3 max ) # 0 and 


J, Tey 
0 = (JJ3,max | E A 





)=0. The inner product of this state with itself must vanish i.e. 


TJ; max) = (JI - J max (Ja,max + 1) ) {IIs max IJs, max} Which yields 





I =J a r1): (3.3.11) 
Analogously, one observes that the operator J_ cannot arbitrarily often act on the 


state |JJ5) . A minimal value J exists and one proves for it 


3,min 
J = J min (Jamin - 1)- (3.3.12) 


Starting from an arbitrary state |I) the number k of raising steps and / falling 
steps are possible in the following sense 








J,“|JJ3)#0 but J,"""|JJ,)=0 and 
a bai (3.3.13) 
J'|JJ,)#0 but J_"|J9,)=0. 
Therefore, J3ma,=J3+k and Js min =J3—! hold, which we insert in (3.3.11) 


and (3.3.12) like this: J =(J,+k)(J;+k+1)=(J;,—/)(J,-/-1). We rearrange 
this equation as follows (k +/+1)2J; =(k+/+1)(/—k) and obtain 


l-k 


J, = Ta which yields (3.3.14) 

J3 max =J; +k= = ’ Jz min =J; -l= <= and (3.3.15) 

m k+I({k+I 

J=J J +1) = ——| — +1). 3.3.16 
PEN 3,max ) 2 I 2 ) ( ) 


Thus, we have found a set of k +/+1 eigenkets with the positive eigenvalue J of 
the operator J* according to (3.3.16) and with the following J, values 


Jaaa e , ooe s e 
I a : k+l : (3.3.17) 
Jel- eee env ee KEL 
2 ' 2 
: . k+l : _ 
As usual, we introduce the symbol j = a and obtain for J 
Pale’) (3.3.18) 


If k+/ is even, the quantity j is an integer, otherwise it is half integer. That is, j 
can take on the values O, hs, ... .The eigenvalue of J, runs through the area 


between J =j and J3 mn =—J in steps amounting 1. From now on we name it 


3,max 
m. This so-called magnetic quantum number is j, j - 1, ... ,O (or Z, ->), aa haat 
or —j. Of course m is only half integer if j is half integer. 


Summing up, for an arbitrary function | im) we make the statements 


wee ; 1,3 
J? | jm) = j(j +1)| jm) f= 5150 (3.3.19) 





J,|jmj=m| jm) ,m=j,j-1,...,-f+1-j. (3.3.20) 


The states ii), 





of = Uses 
section 1.5) of the Lie algebra based on {J J J3}, (3.3.3), with the ordering 
number j. We name it |j] or M,,,,(2/). From (3.3.7) we have deduced that J, | jm) 





j,-j+1),|j,-j) constitute a function multiplet (see 


is proportional to | j,m +1), that is, 


J,|jm)=N 





jsm+i). (3.3.21) 


+,jm 


We form the norm 




















(J, (jm) | J,.| jim) =N*, m is + AN, [J +2) =|, ml. (3.3.22) 
On the other hand we write with the help of (3.3.2) and (3.3.8) 

(J, (im)|J, |jm) = (jm|J," 3, |jm) = (jm|J_ J, | jm) = aes 

(jm|J? — J, (J; +1)| jm) =j(j+1)-m(m+1). 
That is, |N, m| =j(j+1)-m(m=+1). (3.3.24) 
Choosing the arbitrary phase factor +1 we write 

J, im) =/j(j+1)-m(m+1)|j,m+2). (3.3.25) 
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Analogously, one obtains 





J_|jm) = Jj(j+1)-m(m-1) 





j,m-1). (3.3.26) 


For the lowest su(2)-multiplets the following relations hold 




















Bn 8 8 24 3.3.27) 
J,|f/==,m= 7 —)=~v3|—,F=}, (3.3. 
HESS +3) Bii) 

3 ANNT: Ei 
J, =—,M=F = ye Da PO 
E95 Fi) $ z) 

3 1 gg 
J |j=Ž,m=+>)=43|2,+2}. 
s5 3 Al; 5) 


In each equation (3.3.27) either the upper or the lower sign has to be taken 
everywhere. Other expressions with these operators and these states vanish. 


The commutators (3.3.3) show that the operators J,,J_andJ, constitute a Lie 
algebra. Due to (3.2.6) and (3.3.1) they read 


J, =i(e,+ie,), J_=i(e,-ie,) and J, =ie,. (3.3.28) 
Thus, the elements of this algebra are complex linear combinations of 


e, e, and e, i.e. they make up the complexified version of su(2), which is named 
sI(2,C) (see (3.1.7)). The inverse of (3.3.28) reads 


1 1 1 
e =F (I. +J.) e =-5 (J, -3-),63 =a, (3.3.29) 


which reveals that an operator e; acting on a state | j,m’) generates a complex 
linear combination of such states | i,m) , Le. the result lies in the vector space over 
the field of complex numbers of the functions {|i,m)} . Consequently, the functions 


{| j,m)} are also associated to the Lie algebra su(2) and are named su(2)- 


multiplet. The representations ‘ey (,)| or 2 (e,)} are irreducible (see section 


3.4). 
l 1-2) is named fundamental su(2)-multiplet. 


The multiplet 5 
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3.4 Irreducible representations of the su(2)-algebra 


According to (1.3.2) we can write the equations (3.3.25), (3.3.26) and (3.3.20) like 
this 
j j 
Jjim)= $, T” (J) |jm) with i=+,-,3. (3.4.1) 
j 


m'=-— 


Due to (1.3.6) the coefficients on the right hand side of (3.4.1) are matrix elements 
this way 


pe (Ji nim = (im 





J, jm) with i =+,-,3. (3.4.2) 


The su(2)-multiplets {| jm)! are characterized by the quantum number j (see 
section 3.3), that is why the Z's have a common index j. From section 1.4 we 
know that the matrices ps) (J,) are basis elements of a representation of the Lie 
algebra {J,,J_,J,}. In particular due to (3.3.3) the following relations hold: 


(3.4.3) 








Pad (35), Z” (J) =+ (J.). 


We calculate some matrix elements. Due to (3.3.27) for j -> we have 


(3.4.4) 
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o 43 0 o o 0 0 0 
3 3 
r3)(a,)=|° 0 2 0 zole 0o o0 Oy 
= o0 0 0 33/5 0 2 0 0 
0o00 o0 0 0 V3 0 
39 0 o0 
2 
1 
(9 T 0 
L2) (Jz) = 1 
0o 0 -> 0 
2 
oO o0 -è 
2 


(3.4.5) 


Elementary calculations confirm that the matrices (3.4.4) and (3.4.5) satisfy the 


relations (3.4.3). Due to (3.3.29) the relations 


r” (e,)=5(0 (J, )+ 0 Ge" (e.)=-5(r gj” (J.)} 


de-i 3) e-i 3 Sey? 


in accordance with (3.1.1). The higher representations read 


0 2 0 0 -/2 0 
r(ej-4|2 0 v2|.r%@,)-442 0 R, 
0 V2 0 0 v2 o0 
iS dae ae 0 V3 0 
3 
r%(e,)=2|0 0 oO], Fact me TE 
i = 2110 2 O 
00 -1 
OO 48 


(3.4.7) 
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> 0 0 o0 
0 -V3 0 o0 i 
; : oa w w 
rè) (e,)-2 a alea 5 i (3.4.9) 
0 2 0y Wo Jon 2-40 
o 0 42 o0 2 : 
Oso: Sor “= 
2 


3.5 Direct products of irreducible representations and 
their function sets. 


For nuclear physics and the physics of elementary particles direct products of 
irreducible representations, their multiplets and their reduction are very important. 
In this and in the next section we will deal with the Lie algebra {J,,J_,J,} instead 


of the su(2)-algebra {e,,€,€3}. The transformation relation (3.3.29) between both 
algebras and the corresponding equations (3.4.6) for the representations are 
simple. The multiplets {| jm) are affiliated to both algebras. 


Suppose a quadratic matrix A with dimension d and a quadratic matrix B with 
dimension d' are given. Their direct product A&B is a matrix with the dimension 
d -d' , the rows and the columns of which are denoted by pairs of indices. It reads 


(AQB), = Ap ` Bs- (3.5.1) 


hs,kt 


In the double index hs of the rows the quantity h grows slowly and s runs through 
the area of d' over and over. The double index kt of the columns behaves 
correspondingly. Equation (3.5.1) can be understood like this: replacing in A every 


element A, by the matrix A, -B results in the direct product A@B. 


For the Lie algebra {J,,J_,J,} the direct product T” (J) 9h pa of the 


irreducible representation matrix ge (J;) (with dimensions 2/+1) and of the 
identity matrix Laa (with dimension 2j ' +1) is important. A general matrix element 
is written like this 


(T” (3,)81 SS (3.5.2) 


AR = eee f 


The matrix which is described by (3.5.2), reads as follows (we drop the arguments 


(J)): 
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In 





(3.5.3) 


(J,) reads as follows: 


oro 


2j+1 


.The analogously defined direct product matrix 1. 








o 
o o 
m 
K 
ooo 
mM 
ooo a 
N N 
ooo Se 
a å A hl 
ooo ae 
.oo0oo0o0 
4 ooo °O 
K 
a A ooo0oo0o 
K R 
3 N 8 ooo0oo0o 
UOR ey 
i 
Al 
® 
a 
a 
oi 


(3.5.4) 
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Now we show how two representations can be coupled to a "direct product" 
using the expressions above. We start with two function sets {|j,m)! and {| j’,m’)} 


and form the set of all kinds of products | jm)-| j’m'). These quantities constitute a 





(2j +1)(2j'+1)-dimensional vector space. Taking into account the relation 


between a real Lie algebra and the corresponding Lie group (see section 2.2) and 
using matrix exponential functions, one shows (Cornwell, 1990, p.412): 


e; (|) -|j'm')) =e, Jm))-|/'m') +] Jm)-(e,|7'm’)), (3.5.5) 


which is given here without proof and which holds correspondingly for the most 
real Lie algebras. We put together the following linear combination: 


i(e, + ie, )(|jm)-|j'm')) =(i(e, +e, )|jm))-|j'm') +] jm) -(i(e, +ie, )|j'm')), (3.5.6) 
which stands for (See (3.3.28)) 

J, (|jm)-|j'm)) =(3, [im))-|j'm') +] im)-(9.|7'm), (3.5.7) 
Analogous relations hold for every J, (i =+,-,3). We use the identity 
lim) = E (tenn) |jn) (containing elements of the unity matrix), insert (3.4.1) in 


n 


the equation above and obtain 


J; (|Jim)-|j'm’)) = ora (Ji) am con + (lern Ji T’ (J, a) -|j'n')) (8.5.8) 


nn 


The resulting sum of two direct products on the right hand side is named 


A" (J,)=L'(J,)@1,,.+1,.,@L' (J) f=+-3. (3.5.9) 


=(2j'+1) =(2j+1) 


Thus we can write 


Jj (limy li m= E (4 (I) (n). (3.5.10) 


nn' 


Although the matrices A (J,) are not simple direct products but a sum of such 
products (see (3.5.9)), they are frequently named "direct products" of i ) (J,) and 
EI: According to section 1.4, the matrices A” (J,) are representations of 
the Lie algebra {J,,J_,J,}, and the set {|jm}-|j'm'}} contains the affiliated 
functions. 

The set of states {| Jim) -| j'm")} is marked by [j]®[j‘]. It is named also tensor 


product or direct product of the multiplets |j] and [j']. 
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We look at two examples of "direct products" of two irreducible 


representations. With the aid of (3.4.4) and (3.5.9) for j = j' -2 we obtain 


11 


, 422 (J_)= 


O e FO 
e O OO 
e O OO 
O O O O 


(3.5.11) 


O O Or oooo 
O OOO OOO 
O OOO 0 OO Ff 
ooo OFF O 


—1 


With elementary calculation one can check that the matrices Ae (J;) of (3.5.11) 
meet, in analogy to (3.3.3) and (3.4.3) the relations 


[4 (3,),4 3.) |= 24 (4), [ae (4,),422(9.) }= 24% (0). (3.5.12) 


In accordance with (3.5.10), we obtain with the help of (3.5.11) the following first 


11 
component of the product of the row vector of states with the matrix 422 (J_) : 





(3.5.13) 





Orr Oo 
e OOO 
O O O O 


1 





| 
N| Re 
mA 


AE 
2) \2 2 


In the second example we combine multiplets with j = 1 and j' = % (see (3.4.4) 
and (3.5.9)) 


Enae e 4a tN 1 
2/|2 2/| 2 


Only the m-values % or —% are written. 
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0 1 a2 0 0 0 0 0 0 000 
000 JZ 0 o0 1 0 O 0 00 
1,1/2 0 0 0 1 J2 (0) 11/2 v2 0 0 0 0 0 
ads AO) 9 ye 1 0 0 of 
00 0 0 0 2 
000 0 0 1 0 0 V2 0 00 
000 0 0 0 0 0 0 V2 10 
2 00 0 0 0 
2 
0 = 0 0 O 0 
2 
0 0 > o 0 O 
1,1/2 
AE : 
000-= 0 0 
2 
000 0 = 0 
2 
o 00 0 @ a 
2 
(3.5.14) 
As in the first example one checks that the ae? (J,)'s are basis matrices of the 


representation with affiliated functions |1n) 





im) (n = 1,0,-1; n'= 2, -%). 


3.6 Reduction of direct products of su(2)-representations 
and multiplets. 


In connection with (3.5.10) we have noted that the matrices A" (J,) are a 
representation of the algebra {J,,J_,J,}. Although the matrices in (3.5.11) and 


(3.5.14) have no block diagonal form, they are not irreducible, which holds 
generally. Making use of a similarity transformation as in section 1.5 one can bring 


the matrices A’ (J;) in a block diagonal form, which reveals the set of irreducible 


representations to which the representation can be reduced. At the same time, 
one obtains the multiplets of the involved irreducible representations. 


We start with the transformation of the function products ( jm): j'm’)). The 


theory of direct products of irreducible representations shows that there exist non- 
singular matrices S which transform the function product according to (1.5.7) in 


such a way that the resulting functions have again the properties of su(2)-functions 
with the parameters M (eigenvalue of J,;) and J, where J (J(J +1) is an 





eigenvalue of J*). Thus one can write 
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|IM) = >) S" mmm | jm)| jm’) . (3.6.1) 


The functions |JM) obey also the step operators J: and J_. The coefficients 


S""mmam are named Clebsch-Gordan coefficients (CGc) and they are frequently 
marked by (jmj'm'| JM). They vanish if m+m'#M and if f+ j’>J or |j-j'|<J, 


that is, if the triangle conditions are violated. The values of J are 
Jt+s, s+ s'-14...,|/-Js'|+4, or |j- j|. Thus we give without proof: 


S¥inmam = (jmj'm' | JM). (3.6.2) 

In the literature the symmetry properties of the Clebsch-Gordan coefficients are 
Dg 

made visible especially by means of the 3-j symbol : A a which is 
mm -— 


defined as follows 


hs oJ 

(jmj'm' | JM) =(-1} 7" J27+1 f a l (3.6.3) 
m m -M 

Edmonds (1996) gave algebraic expressions for some 3-j symbols. Numerical 


tables were published by Rotenberg, Bivins et. al. (1959) and Brussaard and 
Glaudemans (1977). 


If a parameter of a CGc is an algebraic expression, it is usual to fence it in by 


commas. For j' = 1⁄2 the Clebsch-Gordan coefficients [im -m',j'= Sm | mm) are 


given (without proof) by the following expressions 


pod ; 1 

| m'=> m'=-— 

2 2 

1 

1 J+M+— J-M+— 

J=j+= | ae —____< 
2 2j+1 2j+1 (3.6.4) 

1 rea ee Fea ae 

J=j-5 | - A 2 

2 2j+1 2j+1 


With the help of (3.6.2) and (3.6.4) we calculate, for example, the matrix element 
1/2 
Se E Gea ; 10) = Gore = ae, and we obtain finally 


J2 
the following transformations matrix s“ forj =j'= 12 
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GO. ' 

1 1 

O =o 0? e 
S? = v2 v2 | (3.6.5) 
ene eee, a 

J2 J2 

Ov.) g 


where the columns are indicated by (J,M) = (1,1), (1,0) , (1,-1), (0,0) and the rows 
by (m,m’') = (1/2,1/2), (1/2,-1/2), (-1/2,1/2), (-1/2,-1/2). For j = 1 and j' = % we have 








1 O0 0 O 0 0 
0 x 0 o0 = 0 
0 5 0 o0 -5 0 
sv? = 5 se (3.6.6) 
O° 90" ASO: D a 
3 V3 
o o 22 or 1 2/2 
B 3 
00 01 0 0 


We now work on the "direct product" of representations applied in (3.5.10), i.e., 
in J,(|jm)-|j'm')) =F (4 (J,)) (|Jn)-|j'n')) fori =+,-,3. We multiply the 


nn',mm 








equation by S/” sum over m and m’ and obtain 


mm',JM ' 


J, 2 Srm (ljm): j' 





DEDE eran Sira (n) een 


nn’ \mm' 


The sum on the left hand side represents |JM), (3.6.1). On the right hand side we 


= Xo pn Opn (ljo) | 


for an element of the identity matrix 


S(s”) j Soo, J'M' = (D) n = Sn Opn : 


make use of the identity (| jn)-| /’ '\) and of the expression 











J'M' J'M',nn 
and obtain 
J3 |m)= X (S”)" ea (31) se Sha) Shea (ie) ‘p')). (8.6.8) 
J'M' nn’ J'M'nn' \mm' pp’ 
Using (3.6.1) again, we can write 
3,|M)=¥((s") "a" (3,)S" JM), i=+,-,3. (3.6.9) 
JiM'\ = “7 J'M',JM 





45 


Due to (3.3.20), (3.3.25) and (3.3.26), the operators J; have no influence on J. 


Therefore, in (3.6.9) both sides must have the same eigenvalue of J*. That is, 
J'=J holds, or all the matrix elements 


((s" iF a! (J, S = (4 (J, )) mam (3.6.10) 


J'M'JM 


with J'+J vanish. That is to say, (4” (J,)) has the expected block diagonal form, 


for instance, like this 








so F(a) - 0 0 

A J; : 2 e e e e e (3.6.11) 
(4 ( ) 0) do * E) T 4 0 
0 0 ° o 


To J=J,, Say, belong 2J, +1 values M and the same number of values M' , which 


constitute a square region in (4 (J, ) . SO it is evident that the representation 


{4” (3,)} is reducible and the blocks appear in (a a). which are 


characterized by J, ,J,,... . The relation (3.6.9) reduces to 


3,|M)=>((s")'4"s") lJIM'\=>'(a"(J;)) |g’), i=+,-,3. (8.6.12) 


M' JM',JM M' JM',JM 


Formally it is identical to (3.4.1) and describes the relations in a square block of 
(3.6.11), Characterized by J, which is an irreducible representation with the 


multiplet {|JM)t. 


We now calculate numerically the matrices (4 (J,)). (3.6.10), for the 


examples (3.5.11) and (3.5.14). It is not difficult to find the inverse of the matrix 
S. Clebsch-Gordan coefficients meet the following orthogonality relation 


$, (jaMajoM, |IM) (jama jaM, |J'M') = 5y7-Sym (3.6.13) 


MaMp 
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The right hand side is the element (JM,J'M') of the identity matrix 1, where we 
use double indices (JM). Due to (3.6.2), the second CGc is identical to 


Sth mm, sm . If we denote the first CGc in (3.6.13) by (si ) mmm, we have 


5 (Si j Ss cg ay 
mM, , (J'M' 
mm, cee i (3.6.14) 
es | aa 
or is) ‘Ss =i, 
We see that our denomination 


(Si) immm, = (jaMajaM, | JM) (3.6.15) 


is correct. Making use of (3.6.5), (3.6.15) and (3.5.11), elementary calculations 
yield 


Oo wW2- 0 o0 
11 a1\72 11 11 
zi z E =- 0 0 0 0 
0 0 Oo 0 
(3.6.16) 
(0) 0 00 1000 
11 í 2 0 00 11 ' loo o0 0 
422 (J_)| = v2 , |422 (J;)| = , 
= OY 92 OO] k= 0 0 -1 0 
0 000 00 0 0 


which we write by means of (3.4.4) like this 


(2) 
11 s T(J.) a 0 
(22 (a) = EI) , İ=+,-,3. (3.6.17) 


(3.6.18) 








O O OO OO 
O O OO NN O 
O O OO OO 
Or OO OO 


and can summarize 





: g SA ti 0 0 
sales oO j 

(av? A li ° -e œ (0) (0) oF 

A (J,)) = od x o| into (3.6.19) 
0 0 0 0 r(2)(3,) : 
0 0 0 0 ; : 





We write this equation symbolically like this 


(a (J;)) = ¥ Eny O(I) with nY? =n"? =1 (3.6.20) 


J=1/ 2 


The numbers nf; specify how often the irreducible representation r (J,) 
appears. It can be shown that for su(2) generally the relation 


(4 (;)) g a (3 )S” ) 5 


E o (3) i” +1) g rO (a ))s" = (3.6.21) 





ri (3) C(I) e... 8 (I)e (I) 


holds. That is, here we have n”, =1, which we have found already in (3.6.20) and 
(3.6.17). 


The functions which belong to the representation (3.6.19) are calculated with the 
aid of (3.6.1) and (3.6.6) like this 
m 1 11 
fas -3)- al). 


2 2 





j=1,j'=1/ 2 , 
53) = Si! m=1m'=1/ 2,J'=M'=3/ 2 |j =1m = 1) 


Sal. a A, | Pitt 
Ba) alea) Valea) 








(3.6.22) 








1 1 Tx 1 1 3 11 
; = o) =, T . 
3 5) zoli 3 (en 55) 
33\ 3 1\ J3 1\ J3 3 
22/2 2 2? 2 Or 2 


ogo) at 


where we have made use of the symbol [i] (see (3.3.20/21)). Here we use the 
symbol ® for the combination of multiplets. Because the function set (3.6.23) 


The set of states 


I 


22 














ate sles is marked by 
2 2 
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results from the direct product of the irreducible representations [ze (,)| and 


1 
{zt a): one says that it is the direct product or tensor product or Kronecker 


product of the multiplets [1] and B and one writes 





11413 1 
[1] |; = Slels} (3.6.24) 
From (3.6.17) we learn that 
1 Tel x 
ACRetou: (3.6.25) 


Many authors use an equals sign instead of + in (3.6.24), which is a questionable 
practice between two sets of states. Equation (3.6.24) says that the functions of 
the set on the right hand side can be calculated with the set on the left using the 


matrix 5! according to (3.6.1). Since s“ is non-singular the transformation can 
be inverted. 


Due to (3.6.21), the general formula for the reduction of the direct product of two 
su(2)-multiplets reads as follows 


(ol ]4li+/lel+i/-qe...e[] /-/ 1+) el] /-J']]- (3.6.26) 


The right hand side of (3.6.26) is named Clebsch-Gordan series. In analogy to 
(3.6.21) and (3.6.26) every multiplet appears once (nj’ =1). 


The following considerations support the thesis that nř;=1 for su(2). The 
matrices in (3.6.21) have the same dimension as A’ (J;), (3.5.9), namely 
(2j +1)(2j'+1). Due to (3.6.20), if one takes general values j and j’, the relation 


(2j +1)(2j' +1) = $ nf; (23 +1) (3.6.27) 


J 


must hold. With nf; =1 and with j > j’ the right hand side of (3.6.27) reads 


ies’ 
E eee tee ee ee E eee ee 
ek a2 ase a tates) leit Ua) ere 


2[ (f+ i+ i'+2)/2-(§-s'-D(-s')/ 2] + 2j'+1= (2) +2)(2/'+3) 





in accordance with the left hand side of (3.6.27). 
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3.7 Graphical reduction of direct products of su(2)- 
multiplets. 
The multiplet of the irreducible representation ig (J,)}, which comprises the 


states |j/),|j,j-1),...,|j,-j) is denoted by [j] or M,,,,(2/) (See (3.3.20/21)). We 
depict it by 2j+1 points on a line like this: 








— j1 ————> 
i= 9—9 eee e in 


Figure 3.7.1. Graphical representation of the multiplet [/]. 


The function set [j]&[j'] of a direct product representation fa" (3,)} comprises 


(2j+1)(2j’+1) function products |jm)|j'm') (see (3.5.8)). We depict the set in 
such a way that we draw first [j] and then set the multiplet [/’] repeatedly so that its 
centre appears in every point of [j], which we delete afterwards. In this way all the 
values M=m-+m’ of the set are outlined. For example, the multiplet product 
[1] ®[3/ 2] is made up this way 





[3/2] 
[3/2] 


[3/2] e—e——e——o 


[1] — e e e~ M 


Figure 3.7.2. Direct product of the 
multiplets [1] and [3/2]. 


l.e., over every point of the [1]-triplet a [3/2]-quadruplet is placed. The value M = 
5/2 appears once, M = 3/2 twice etc . Preserving the number of points and the M- 
values we rearrange the points in a symmetric way as multiplets on different 
levels. Instead of figure 3.7.2 we obtain the following arrangement, 


oe 
e@_e—_e—_e 
@_e__e_0 06 


Figure 3.7.3. Direct sum of the 
multiplets [5/2], [3/2] and [1/2]. 


which has again one M = 5/2 value, two M = 3/2 values, etc. We say that it 
"equals" to the formation of figure 3.7.2, that is 


[1] ®[3/ 2]=[5/ 2] ®[3/ 2] ®[1/ 2], (3.7.1) 


50 


which coincides exactly with (3.6.26). 


The next example deals with [3] ®[1] in figure 3.7.4. 


[1] o—_e_® 


I> 


Figure 3.7.4. Direct product [3] &® [1] 


We read [3] ®[1]=[4] ®[3]@ [2]. 


By this graphical method it is easy to reduce multiple direct products of 
multiplets. For example, in order to form [1/2]®[1/2]®[1/2] we treat first 


[1/ 2] @[1/ 2] and then we attach [1/ 2] as follows 


e_e 
ee | ° 
[1/ 2] [1/2] = = o—e— o 
o—ė 
o——o 


[1/ 2] ®[1/ 2] @[1/ 2] ee a 


Figure 3.7.5. Direct product [1/2] ®[1/2]@[1/2]. 


ie. we have the relation [1/2]@[1/2]@[1/2]4[3/2]®2[1/2] for the 


fundamental multiplet of su(2). In the standard model of particle physics multiple 
products of fundamental multiplets in su(3) and in su(4) are very important. 
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4 The Lie algebra su(3) 


In this chapter the basis elements and the generators of the algebra su (3) are 
given. The rank two of this algebra is derived from the table of the structure 
constants. The algebra su (3) contains three subalgebras su (2). Their 
complexified variants contain the "third" operators T,,U, andV,, which 
characterize the states of the su (3) -multiplets. By means of the corresponding 


step operators, the structure of the multiplets and the pairs of their ordering 
numbers are shown. Specifying the individual states of a multiplet, their multiplicity 
and the dimension of the entire multiplet are found. The smallest su (3) -multiplets 


are given graphically. 


The so-called hypercharge is introduced as an eigenvalue and interpreted 
graphically. Starting from a multiplet, an irreducible representation is calculated in 
detail. The quadratic Casimir operator is introduced and its eigenvalue is derived. 


The graphical method for direct products of multiplets is taken from su(2), and 


Clebsch-Gordan series are performed. The corresponding technique with Young 
diagrams is explained. 


4.1 The generators of the su(3)-algebra 


The anti-Hermitian 3x3 matrices with vanishing trace constitute the real Lie 
algebra su(3) (see section 2.2). Due to (2.2.9), we write the anti-Hermitian basis 


: 1. dos : ; 
matrices as e, = -514 , where the generators 4, are Hermitian basis matrices. By 


means of (2.1.5), the matrices 2, of su(3) can be written this way: 





Ord 6 otai 1: 50: LO 
A,=|1 0 0], 4,=|i o oj, 4,=|0 -1 0|, 
000 0 0 0 o 0 0 
001 Gora 
4,=|0 0 ol, 4,=|0 0 ol, (4.1.1) 
100 i o 
000 0 0 
a =l0 0 1], 4 =|0 0 4). 
0 10 0 i 0 








For the remaining diagonal A-matrix we don't choose the form (2.1.6) because it 
does not meet the condition (2.3.3) for all pairs 2,,2,. Referring to Gell-Mann, 


1964, we use 
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10 0 
2-101 0 
(0) 


= A3 


(4.1.2) 
=, 


Now the condition Tr (4,2, ) = 26, , (2.3.3), is satisfied completely. The matrix 4, 
is made up as a linear combination of basis elements of the type (2.1.6) like this 


,({2 9 %) ,(9 9 0 
SO: ar Os ar o E (4.1.3) 
=8 

Blo 9 0) Bloo a 


The structure constants Cy, which belong to the basis fe 2 (see (2.3.1)), appear 


i 


also in the following commutator relation 
| i Ae | =Y Cu24 (see (2.3.2)). (4.1.4) 
GELS ; ms 


They can be calculated by (2.3.5) or by elementary matrix multiplication and 
reduction. One obtains 


Table 4.1.1. Table of the non-vanishing structure constants of su(3). 


i k l Ciki 

1 2 3 1 

1 4 7 1/2 

1 5 6 -1/2 

2 4 6 1/2 

2 5 7 1/2 

3 4 5 1/2 

3 6 7 -1/2 

4 5 8 43/2 
6 7 8 Nien eee 


Due to (2.3.6) the structure constants are totally antisymmetric. Therefore, the 
remaining non-vanishing values can be obtained by permuting the indices listed 
above. Table 4.1.1 reveals that the following types of structure constants vanish 
Cig, =Cog, = C3gx = 0 with x = 1, 2, .. ,7. That is 








[4,40 |=| Zara %4 |=0 (4.1.5) 





On the other hand table 4.1.1 yields | Aa Aa | #0, | Ay Aa | #0, | A243 | #0. That is, 








the matrices 4, 4,, 4, and A, don't commute mutually all together. Investigations 


of this kind show that in su(3) there are not more than two A's which commute 
mutually. Therefore one says that the su(3)-algebra has rank 2. 
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For most pairs (i,k) in equation (4.1.4) exists only one /-value. The pairs (4,5) and 
(6,7) result in two summands. 


4.2 Subalgebras of the su(3)-algebra. 


In (2.2.16) we have introduced the operators A, by the relation e; = ~Si4, Here 


we deal with the set of the 4, -operators that constitute also a Lie algebra, which is 
isomorphic to the algebra formed by the set fa \ of (4.1.1) and (4.1.2). 


=i 


In addition, using the 4's, we can make up basis operators of the algebra su(2) 
like this: 


e”), = -Zia e”, = -Zi%, e” = -Ži% and 
ati -Zik el), = -Zit A AR -Zi(-4 + V34) and (4.2.1) 
n EETA e“, Sa Ay e") =- i( 4% + V34). 

2 2 4 


Using (4.1.4) and table 4.1.1 one proves that for each triple of e-operators the 
relation (3.2.5) 


|e, e0 | =e”), cyclic in 1,2,3, for X = T, U or V, (4.2.2) 


is satisfied in accordance with (3.1.2). That is, each triple constitutes a su(2)- 
algebra. Itis a subalgebra of su(3). 


These subalgebras are not invariant (see section 1.1). We check this for the first 
one like this: 


(T ae! = as L 
| ef”,¢, | =- TAA ]=-Z 5 2d = Ser. (4.2.3) 


This element is not a member of the first subalgebra. Therefore, this is not 
invariant. There are no invariant subalgebras in su(3) and therefore this algebra 


is simple like every su(N)-algebra - as mentioned in section 2.2. 


In analogy with (3.3.1), we introduce the following step operators and "third" 
operator 


T, = Ż (4, i) and T, = 5h. (4.2.4) 


We obtain from (4.1.4) and table 4.1.1 
[TT] =T TaT ]= 2T (4.2.5) 


in accordance with (3.3.3). Defining the operators 


1 1 
r i (4.2.6) 
V, =5(4, i%), Vs =7(% +v3%) 
the following commutation relations result, in analogy to (4.2.5) 
U,,U,|=+U,, |U,,U_|=2U,, 
[U,,U.]=+U,, [U,,U_]= 2U; aa 


[V V. ]=4V,,  [V,,V_]= 2V}. 


Among some of the nine operators in (4.2.4) and (4.2.6), the following linear 
dependency exists 


U; =-T, +V}, (4.2.8) 


which we expect because we started with eight A's. The correspondence between 
the commutation relations (4.2.5) and (3.3.3) show that su (2) -multiplets are 
affiliated to the algebra {T,,T_,T,} (see the end of section 3.3.). This is also true for 
the U - and the V -algebra. In table 4.2.1 the commutator relations of the T-, U- 
and V-operators are put together. 


Table 4.2.1. Commutator relations in su(3). The commutator of an operator in the 
top line with an operator in the column at the right hand side results in the operator 
given in the corresponding field. 


T. T3 U+ U. U3 V+ V. V3 
-273 Ts -V+ O -y2 T+ 0 U. YT. T+ 
-T. 0 V. %2 T. -U, 0 WT. T. 
%U, -YU. O -V+ Y’Vv. O T3 
-2U3 U, 0 -T. *’u, U., 
-U T+ 0 -Y2U. U. 
-YV YV. O U3 
—2V, V+ V+ 
-V. V. 


In the lower triples the relations (4.2.5) and (4.2.7) are visible. The fact that T3, U3 
and V3 commute mutually does not influence the statement that su(3) has rank 2 
(see end of section 4.1) because these operators are linearly dependent (see 
(4.2.8)). 


4.3 Step operators and states in su(3) 


Corresponding to (3.2.19) we can achieve that every state (function) of su(3) is an 
eigenstate of T3. On the other hand, it might be an eigenstate of U3 or V3. 
However, these three operators commute mutually (see section 4.2) and therefore 
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every state is simultaneously eigenstate of T3, U3 and V3 in a certain analogy with 
the relation (3.2.20). Consequently, we can mark a su(3)-state by 
|T; U3 Vs) (4.3.1) 
where 7,,U, and V, are eigenvalues of T,,U, and V}. The inner product 
(T, U3 Vz |T3 |T3 U3 V3) =Ts Or, 7: Ou, uz Ov (4.3.2) 


with analogue expressions for U3 and V3 reveals that T3, U3 and V3 can be 
diagonalized simultaneously — a formulation which is often used in this situation. In 
short, we can write 


T; IT; U; V5) =T; IT; U; AT 
U; |T; U3 V3) = U3 |T3 U3 V3), (4.3.3) 
V; |T; U3 V3) =V; |T; U3 V3)- 

We apply the equation |T},T,] = +T, , (4.2.5), to (4.3.1), which results in 


T, (T,.|Tz U3V3)) nTa TUV +T.. |T U3 V3) 


4.3.4 
= (T; +1)(T..|T; U3 V3}), ( ) 


in a certain analogy with (3.3.7). Therefore T, IT; U; V3) is an eigenstate of Ta with 
the eigenvalue T} +1. That is, we can expand 





T, |Tz Us V3) = È N (T, Us Vq US V3) |T £1.U5 Vg). (4.3.5) 
ULV; 
Due to 
[U,,T..]= FST. (see table 4.2.1) (4.3.6) 


we obtain the relation 


1 1 
U, (T. |T Us V3)) -T.U; |T UVa) FET. [To Use) =[ Us Fi) U3 V3)) 
(4.3.7) 
i.e. T, |T U3 V3) = >) N (T3 UV T3 V3) 


T3 Vz 





n — 1 n 
T, ,U, + 2 V3 . 
Analogously, from [V3,T.. | = + 


T, (4.3.8) 


we get T, |T U3 Va} = $. N (T3 U3 V; TUS) 


TZU; 





T3, U3, V3 + 5). (4.3.9) 
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That is to say, acting on IT; U; Vs ) the operator T, generates a state with quantum 


numbers T, +1,U, F z and V, + : . We write 


T; |T; U3 V3) > 





Te2LUjF3.M25). (4.3.10) 


This behaviour is realized 
graphically in figure 4.3.1 by 
drawing an axis for the T- 
subalgebra analogously to 
figure 3.7.1, an axis for the 
U- and an other for the V- 
T- subalgebra. Their directions 
line differ by 60°. Assuming the 
coordinates T3, U3 and V3 for 
state |1) the operator T+ 


creates the state T, |1)=|2) 
(definition) on the T-line with 


Figure 4.3.1. T-, U- and V-lines. Representation the coordinate T3+1. Its U- 


of the U- and V-components of states lying on Coordinate is found by 
the T-axis. dropping a perpendicular on 


the U-line resulting in U3 — 1⁄2 
and on the V-line yielding V3 + % in accordance with (4.3.10). The action of T. can 
be read in the same way from figure 4.3.1. 





Analogously to (4.3.10) the following relations 


U-line V-line ; 
are derived 


U, |T,U,V3) > 





1 1 
T, #—,U;+1V,+—), 
ata 3th 3 


1 


V, |T,U3V3) > ; 





T, + 





1 
UAV £1). 
3 2 3 ) 
(4.3.11) 


In figure 4.3.2 the first relation of (4.3.11) is 
reproduced correctly, because the state 
U,|1)=|4) (definition) shows U3+1 and the 


components V3+⁄2 and T3-⁄2. The second 
Figure 4.3.2. expression in (4.3.11) becomes apparent in an 
Representation of the T- analogue graphical scheme. 
and V-component of a 
state lying on the U-axis 





T-line 


V-line U-line 


Figure 4.3.3. "Anti"- 
coordinate system of su(3) 
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Of course the "anti"-coordinate system of figure 4.3.3 with reversed T-, U- and V- 
lines represents the relations (4.3.10) and (4.3.11) in the same way. In sections 
4.8 and 4.10 we will refer to it. 


4.4 Multiplets of su(3) 


Repeated applications of the operators 
T,,U, and V, generate a lattice of states, which are 


shown in figure 4.4.1 as points in a triangular 
formation. 


Figure 4.4.1. Lattice of Wmax 
su(3)-states. 


e 
We demand that su(3)-multiplets are finite. We 

start from the state with the highest 73-value, which Figure 4.4.2. Maximal weight 
we name T3max Of maximal weight. Its state is ofthe su(3)-multiplet. 
marked with Wmax (see figure 4.4.2) and it must 

meet the relation T, Ymax =0. Due to the hexagonal (or triangular) structure of the 


point lattice, the statements 
U Wmax =ViWmax =9 (4.4.1) 
are true as well. 
Now we move on n=1 steps from the state of maximal 
weight in the V-line and reach point A, where the state 


Wa Ya =(v_)’ Wmax exists (in figure 4.4.3 n = 2 is chosen). If 


we would assume that the boundary of the multiplet is 
concave in A and if there would be one step up to the point 
B, the following relation would hold 


A We =U ya =U_(V_) Wimax =(V_)"U_Wmax=9, (4-4.2) 


B? where we have made use of [U_,V_]=0, (table 4.2.1), and 


of (4.4.1). Therefore the state B and the concave corner in 
A don't exist. In the same way one shows that 


The su(3)-multiplet is convex everywhere 
Figure 4.4.3. in the T-U-V-plane. (4.4.3) 
Hypothesis of a 
concave boundary 
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Figure 4.4.4. Part of a su(3)- 
multiplet. 


We refer to figure 4.4.4, where a part of a su(3)-multiplet is outlined. The point 
chain between M and N represents a su(2)-multiplet in V-direction (according to 
figure 3.7.1), which has a natural symmetry. Correspondingly, the neighboring 
points of M must have a symmetrical counterpart in the neighborhood of N. That 
is, the su(2)-multiplet N' — M' is also symmetric with respect to the perpendicular s. 
This is true for the other V-multiplets (the N" - M"-multiplet for instance). 
Therefore, the U-line MM" has the same length as the T-line NN". 





Figure 4.4.5. Second 
symmetry axis of the 
su(3)-multiplet 


Now we start from the symmetry of the U-multiplet MM" (see figure 4.4.5). The 
remaining parallel submultiplets must also be symmetric respective the 
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perpendicular s'. In this way the area of the su(3)-multiplet is closed to a partially 
regular hexagon with three symmetry axes including angles of 60° (see figure 
4.4.6). 


p+1 is the total number of state points on the V- 


line going through the point with maximal 

eo 0.0 ọ l weight, and g+1 is the analogue number for the 

` i D corresponding U-line. The integers p and q 
B P Le ee characterize the su(3)-multiplet completely. It is 

s b J T marked by M(p,q). Thus, in figure 4.4.6 we have 


, 


° 
e 
` 
` 
--@--------@-% 
ay 
6 


the su(3)-multiplet M(3,2). 


, 
, 
7O 
/ O 
oO . 





Figure 4.4.6. Ordering 
numbers of the su(3)- 
multiplets. 


4.5 Individual states of the su(3)-multiplet and their 
multiplicities. 


First we try to characterize the state on point M carrying the maximal weight (see 
figure 4.4.5). The submultiplet on the V-line going through M has p + 1 states. 
Because it is a su(2)-multiplet we can write 


p+1=2jy +1. (4.5.1) 


The point M is a furthest member of this multiplet. Its magnetic quantum number is 
therefore My max = jy and the state can be described by 


; p P 
M) =| j My mx) =| 25) - 4.5.2 
| ) liv v, ) 2 a) ( ) 
pl2 qi2 On the other hand, the state |M) is part of a 
.—— U-multiplet. Accordingly, 
eoe o e o 
e o o @ o m-|2.-3) 
(pt+q)/2 j 
e e e eM (4.5.3) 
e «© ọọ ọ o holds. Because M is in the largest T- 
multiplet (see figure 4.5.1) and shows 
@ (J @ e . p q n 
jt = 5+2 =M; max We can write 
e e o 22 


Figure 4.5.1. The largest 
T-multiplet. 
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_|p+q p+q 
jm) -|P=4 EA ) (4.5.4) 


In (4.5.2) up to (4.5.4) the relative phases +1 have been chosen. The state |M) is 


called unique because it can be described by one expression of the T-, U- or V- 
type. 





Figure 4.5.2. Submultiplets of a 
boundary state. 


We claim that the neighboring state |A) (see figure 4.5.2) is also unique. It lies at 
the end of a V-multiplet with p+2 states and is described by 


a) =|= Pe (4.5.5) 
2 2 hy 
and from the corresponding T-multiplet we learn 
Ae e (4.5.6) 
2 2 7 


We define: a state is unique if it is represented at least in one subalgebra (T-, U- 
or V) by a single expression. In the U-subalgebra for |A) the states 


T-a) and (4.5.7) 
a o 
q, q 
ean ea E 4.5.8 
3 1-9 (4.5.8) 


are possible. But we know already that |A) is unique, for which reason we drop 


the last expression (4.5.8). In the same way one proves that all the states on the 
boundary of a su(3)-multiplet are unique. 
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e ee. 


@----@---d----6 


Figure 4.5.3. A state on the inner 
shell. 


Now we deal with the state IN} in figure 4.5.3 and claim that it is doubly occupied. 


Double occupation denotes that of the three descriptions of states (in the T- 
multiplet, in the U-multiplet and in the V-multiplet) one is composed out of a pair of 
orthonormalized su(2)-states. Similarly to (4.5.7/8) the U-expressions 


+1 —1 —1 —1 
e -17 | 1) (4.5.9) 
U U 


I 


2 2 





can be assigned to |N}, or, in other words, the state |N} can be written as a linear 
combination of these orthogonal expressions. Analogously 








I I 


ess erg?) 
i 





p+q-2 p29?) and 
: 





2 2 2 2 
(4.5.10) 
p+1 p-1 p-1 p-1 
2 Dade) a2) SD 





belong to |N}. Obviously, |N} is doubly occupied. The pairs of expressions in 


(4.5.9) and (4.5.10) are equivalent in such a way that the members of one pair, 
say the T-pair, can be expressed linearly by the members of an other pair, say the 
U-pair. We carry it out this way 

















p+q pt+q-2\ __|q+1 q-1 A q-1 q-1 
7 aia a aa | i OR 
(4.5.11) 
p+q-2 p+q-2\ __ |qt+1 q-1 q-1 q-1 
De DE cle, CO DE Dee: ee SS Dy 








In the second equation the coefficients a2 and —a,; have been chosen in order to 
make both lines of (4.5.11) orthogonal to each other, which we see like this 





o=(2t4-2 erg Zip +g pt+q-2 


, , =a,a, —a,a, = 0. 
2 2 2 2 ) Ps a 
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Analogously to (4.5.11) the following relations hold 




















Sah: My Shs ae zp Pa, -1 +b, peeps 
2 2 F 2 2 iv 2 2 Jý 
(4.5.12) 
p+q-2 p+q-2 -b, pa; p-1 b p-1 p-1 
Be ee De De i S| ae 





In order to determine the coefficients a; and b; in (4.5.11) and (4.5.12) we make 
use of the relation U,V_-V_U,-T_=0 (see table 4.2.1), apply this null-operator 


on the state |M} and insert the expressions (4.5.2), (4.5.3) or (4.5.4) this way 
0=(U,V_—-V_U, -T_)|M) 


4.5.13 
-uv |B) vu,|2, 2) r 233,229) ( ) 
22; a Diy 3 ae 








The su(2) step operators act according to (3.3.25) and (3.3.26) (remember, the 
commutator relations for the operators J,,J_,J}, (3.3.3), are identical to these 


relations for T,,T_,T;, (4.2.5), and for V,,V_,V, and U,,U_,U,, (4.2.7)). We obtain 


o-u, |B.P+2_ PP? ip) y fo 2 9.92 ha) 









































2 2 2 2 “V2 2 2 2 
[poptat p+q p+q-2|p+q p+q-2\ _ 
2 2 2 2 E a 
pjatat gtt g q+1_q-1 
2 2 2 2/2?” 2y 
(4.5.14) 
p+1 p+3 p+1 p-1|ip+1 p-1 P+q p+q-2\ | 
sa 2 2 ea e E ) pa] 2 2 ) = 
Jary TEk — 2 q(p +1) eee doe 
Or. 
p+q p+q-2 
+ J 
valet Os i 
where we have used the relations (4.5.5), (4.5.8) and 
|B) = padre Paes = ase ie a P i (Note: here the states 
2 a role. an veal ae ae 
|A).]B) on the boundary are not normalized in the same way as in sections 4.3 





and 4.4). We now form the inner product of (4.5.14) with the bra state 


(ext p+q-2| o 





I 


2 2 
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p+q p+q-2iq+1 q-1 
f 1 j j 
pigi ja 2 2 | 2 2 } 











p+q p+q-2/p+1 p-1 
— +1 ; ; 4.5.15 
Ja (p ja 5 > | ya ) ( ) 
ie /P+q p+q-2|p+q p+q-2 
+ , , =0. 
ý Ta 2 2 | 2 2 ), 


We insert (4.5.11) and (4.5.12) and make use of the orthonormality of the su(2)- 
states: 


+1 -1|q+1 -1 
a,,/p(q +1) Ae ; L i , L ) 
U 











1 p-1 1 p-1 
-o Jap, (EE) (4.5.16) 
V 
-prg (P40 pta 2era pra-?) eee 
2 2 2 a 
a,,/p(q +1) —b,/a(p +1) - Jp +4 =0. (4.5.17) 


p+q-2 p+q-2 
2 ° 2 





Analogously, we make up the inner product of (4.5.14) with r 


and get 


ap (q +1) —b,,/q(p+1) =0. (4.5.18) 


We bring the terms with b; on the left-hand side, square and get from (4.5.17) and 
(4.5.18) 





b,q(p+1)=a, p(q +1)-2a,,/p(q+1)(p+q)+p+q 


(4.5.19) 
b,°q(p +1) =a, p(q +1). 
Making use of a,° +a,? =b? +b,” =1 we obtain 
p z_ |q(p+q)+q 
Sf [tee aaea Se ee 4.5.20 
“apra AN yiga) PER 


Analogously, the equations (4.5.17) and (4.5.18) yield 


zak g _ [q(p+q)+p 
b, = e b, = ENE (4.5.21) 


For a2 and b- positive square roots are chosen. 





The states on the V-line between N and P in figure 4.5.3 contain more than two V- 
expressions. But since there are only two U- and T-expressions these states are 
said to be doubly occupied in analogy to the uniqueness of boundary states. 
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Figure 4.5.4. Hexagonal and 
triangular inner shells. 










Thus, the states of the first inner shell 
(next to the boundary shell) are 
doubly occupied. The following shell 
is triply occupied — provided that the 
preceding is hexagonal - and so on. 


According to figure 4.5.4 from the 
boundary one reaches a triangular 
shell after g steps , (q<p). Each state 
on a face of the triangle has the 
multiplicity q+1. 


e> 


e ®© N 


Figure 4.5.5. Part of a 
triangular multiplet. 


We will show that from now on the multiplicity is not raised passing inward, i.e. all 
triangular shells have the same multiplicity. We deal with this situation starting with 


a su(3)-multiplet with a triangular boundary (q = 0). For the states |M}, 


figure 4.5.5, we write 














A) and |B}, 


(4.5.22) 


The states |A} and |B) lie on a U-line and are unique. Therefore the additional V- 


and fT-states are omitted. Due to 


table 4.2.1 


the operator relation 


T.V_=V_T_holds, which we apply on |M} using (3.3.25) and (3.3.26) 


rv |2.2\ -yr|P P 
eae 22 
-2 -2 
r dpe) =v J082) 
2 2 Iv 2 2 frya) 
(4.5.23) 
p-1 











, = Ay 
2 2 Frwy 














273,23 l (4.5.25) 
V(N) 


But these orthogonal states cannot be proportional to one another. That is why the 
assumption of double multiplicity of |N} is wrong and |N} is unique like |M}. As in 


the hexagonal case the whole inner shell has uniform multiplicity. In the same way, 
one shows that all states in the triangle have multiplicity one. Analogously, if the 
multiplet has q > 0, the multiplicity of the inner triangle is uniformly q + 1. 


Figure 4.5.6."short paths" in 
su(3)-multiplets. 


We sum up these results by a simple recipe. Starting from a vertex of a shell we 
move inward on so-called "short paths" consisting of one or two unity steps. If 
there are two symmetric paths (for instance a,b and a',b' in figure 4.5.6) the 
multiplicity is not raised. If there are two asymmetric "short paths" (for example c 
and de in figure 4.5.6) the multiplicity is increased by 1. 


eee 
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Figure 4.5.7.Multiplicities of the 
multiplet M(p,q). 


In figure 4.5.7 the additional (more than one) multiplicities are drawn as circles. 


4.6 Dimension of the su(3)-multiplet. 


The sum of all multiplicities of all lattice points is named dimension d of the 
multiplet. Figure 4.5.7 shows that the boundary shell has 3(p + q) states. The next 
inner shell contains 3(ọ — 1 + q - 1) doubly occupied points, which yields 


2-3(p+q-2) partial states. On the nth inner shell (counted inward) are 
(n+1)-3(p+q-2n) partial states. For q <p we limit the index n at q — 1. This 
value marks the last hexagonal shell. It has the multiplicity g. The shells with 
0<n<q-1 contain together 


q-1 


$ (n+1)3(p+q-2n) =-3- 25 n° +3(p+q-2) Ens p+q)q (4.6.1) 


n=0 


partial states. Still, we have to take into account an inner triangular or singular 
area of the multiplet with multiplicity q +1. Starting with the lowest point in the 


triangle in figure 4.6.1, we count 


S m= 5(p- q+1)(p-—q+2) (4.6.2) 


m=1 


lattice points. The dimension d of the multiplet amounts to 


d(p,4)=>(p-4+1)(p—q+2)(9+2) 
(4.6.3) 
65 n? +3(p+q-2 Enss (p+q)q. 


n=0 
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Making use of Fn =F q-1)(2q-1) and Sn- q-1) finally we obtain 
n=0 n=0 
© © o o o o @ o 1 
° ° d(p,q)=5(p+1)(q+1)(p +q +2). 

eg p-q+1 q oè 

© © o 0--e--e--e- (4.6.4) 
p° ee 
d . e s d The dimension d is symmetric in p and 


q, which follows also from the fact that 
interchanging both parameters turns the 
multiplet diagram by 60°. 





® ° For the simplest multiplets the 
p+q+1 . ; : , 

e ° dimensions are given in table 4.6.1, 

doa a se which is calculated by means of (4.6.4). 


Figure 4.6.1.The triangular 
area. 


Table 4.6.1. Dimensions of the lowest su(3)-multiplets. 


p q doq) p q  dpq) 
0 0 1 3 oO A0 

1 0 3 Ss ad 82 

1 1 8 3. 2 42 

2 0 6 3 3 6&4 

2 1 15 

2 2 27 


On this occasion we acquaint ourselves with the 
mathematical-geometrical method of Young tableaux. Such 
a tableau consists of rows of boxes. Every lower row is as 
long or shorter than the upper one. Integers from 1 up toa 
maximum are put — repetitions are permitted - in the boxes in 
such a way that to the right the values do not decrease and 
downward in a column they increase. This scheme is named 
standard arrangement. 


Figure 4.6.2. 
Young diagram. 


For su(3)-multiplets we draw two lines of boxes. The number of ¢——» pat 
boxes in the first line which jut out the second line is chosen to be q=2 

p and the second line has q boxes. The integers 1, 2 and 3 are 

available to be put in, eventually repeatedly. Figure 4.6.3. 
A su(3)-Young 


A theorem, which we do not prove, is that the number d of diagram 


standard arrangements of this Young tableau is equal to the 
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dimension of the multiplet M(p,q). We write down the arrangements for p = 1 and q 
= 2 (corresponding to figure 4.6.3) 

1 1 1 1 2 1 1 3 1 2 2 12 3 2 2 2 2 2 
2 2 2 2 2 2 2 3 2 3 3 3 3 3 


One counts 15 arrangements. According to the given theorem the dimension 
d(1,2) is 15, which is in agreement with table 4.6.1. In sections 4.14, 5.5 and 6.2 
we again will find Young tableaux. 


4.7 The smallest su(3)-multiplets. 


We show the simplest su(3)-multiplets My (p,q) with p,q <3. In this symbol the 


dimension is put as a subscript character. The coordinate axes are placed in the 
centre of gravity in every figure. The numerical details on the y-axis (integers or 
thirds) will be looked at in section 4.9. 





M,(0,0) 








M20) 4 M6(0,2) 








Mı5(2,1) ° | ° 
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Figure 4.7.1.The simplest su(3)-multiplets. 


4.8 The fundamental multiplet of su(3). 


The operators A; of su(3) are introduced at the beginning of section 4.2. If they act 
on a function of the fundamental multiplet {y,,y.,y3}, according to (2.2.13) and 


3 
(2.2.16) they meet Ajy, = D(a) and taking into account (4.2.4) the following 


relations hold 


1 : 21 
Tay = 5 (Ate) We = DS (2 +i) =| (Woaw) 


Ty, = 


l=1 


20900 goon 
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and so forth. We have inserted the matrices 4, from (4.1.1) and (4.1.2). The 
results read 


1 1 
TW =, TY Hq, Ta, = 51, T3¥2 =-ZVr, 


2 2 
1 1 
Uys =W2, Uy,=Y3, Uz ~ 5 2 Uy; = Ta (4.8.2) 
1 1 
Vy =y Vy E=Ys, VVS Vi Vav Sga 
Uine V-line Other applications of these operators on these 
k functions yield zero. We maintain that the 


fundamental multiplet {y,,y.,y3} is identical 


W> Wr T-line with M3(1,0) if the following assignment are 
chosen (see figure 4.8.1) 


W3 


Figure 4.8.1. The 
fundamental su(3)-multiplet 








11 11 
= Se = 0,0 = RIA 
£ z | u 3 a 
1 1 11 
Sec zs, [feu = |0,0) , 4.8.3 
ve = bra), > ba), 7 [% aa 
1 1 1 1 
e e a = fara), 





The su(2)-operators T+, T., Tə and the operators U+, U., U3 and V+, V., V3 act 
fully equivalent to the operators J+, J-, J3 , (3.3.1) (see the comment preceding 
equations (4.5.14)). Therefore, we can use the relations (3.3.20) and (3.3.27) in 
order to recalculate the expressions (4.8.2). The results agree entirely with (4.8.2). 


The multiplet M3(0,1) of figure 4.8.2 is 
V3 also a fundamental multiplet. The T-, U- 
and V-lines are reversed (see the remark 
at the end of section 4.3). In this way, the 
relations (4.8.3) and (4.8.2) are also 
satisfied. 
T-line 





In particle physics the multiplet M3(1,0) is 
U-line denoted by [3] and describes the quark 


states whereas M, (0,1) = [3] stands for 


V-line 


Figure 4.8.2. The fundamental 
antimultiplet. the antiquark states. 
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4.9 The hypercharge Y. 


In order to specify the status of a su(3)-multiplet we used the T3-, U3- and V3- 
values in a star-shaped coordinate system. Of course two coordinates are 
sufficient for a two-dimensional system. In practice the T-axis and a perpendicular 
Y-axis are taken. In particle physics the Y-values are named hypercharge. We 
claim that the coordinate Y is the eigenvalue of the operator 


1 2 2 2 
Y =-= Ag= z (U3 +V3) = 3 (2U; + Ts) = 3 (2V; -T3). (4.9.1) 


B3 


Here the relations (4.2.6) and (4.2.8) have been applied. From (4.9.1) and table 
4.2.1 follows 


[Y,T;]=[Y,U;]=[Y,V;]=0. (4.9.2) 
Therefore the state |[T3U;V3) is also eigenstate of the operator Y i.e. 
Y |T,;U3V;)=Y |T;U3V3) and |TUV:)=|T3Y}. (4.9.3) 


By means of table 4.2.1 we can write 


2 2 Of = 
[Y.7.]=3[Us,T.]+3[Vs.T.]= 3 (FT. £7.) =0 and (4.9.4) 


Y (T; |T,Y)) =T.Y |TaY) = Y (T; |T3Y)). 


That is, the state T, |T}Y },which differs in Ts by +1 from the state |7,Y), has the 
same Y as ITY). This corroborates that the Y-axis is orthogonal to the T-line. 
Similarly one derives [Y,U,, | =+U, which yields 


Y (U, |T,Y)) = ULY |T,Y) £U, |T,Y) = (Y 1)(U. |T,Y)) = (Y £1)(U, |TU,V5)). (4.9.5) 


This means that U, not only rises and lowers 

Uz by 1 but also Y in the same sense. 
Analogously one shows that Y varies alike to 
T-line V3. Figure 4.9.1 shows this behaviour. Points 
1 and 2 have both the distance 1 from 3. On 
"1"=J/3/2 the other hand, the distance (Y-value) of 3 
from the T-line is also 1, which is 
geometrically impossible. We circumvent the 


U-line V-line 


|2) 





|3) inconsistency by taking the Y-values in units 
of /3/2.The geometrical Y-distance 3/2 
directions U, V and Y formal value "1". | ) 
We now determine the Y-values of the states of two small 3) 
multiplets and of their coordinate origins. In the multiplet 
Figure 4.9.1a. 
The multiplet 


M;(1,0). 
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M;(1,0), (figure 4.9.1a), the state |1) according to (4.8.3) is written as 




















|1) =|0,0),, = 35) . We apply the operator Y, according to (4.9.1), to this state: 
T 
Y |1) =u, 0,0) ET 2 zA ane = ity, The eigenvalue of the Y- 
3 UBF Si BIO DO). S 
operator is 1/3 in |1), which holds also for |2}. For |3) = =P =|0,0). we 
oO). T 
obtain 
Y|3)- u, E +£T,|0,0) a rt 
3 2 2 3 T 3|2 2/y 
=- 13) as indicated in figure 4.7.1. Clearly the 


origin of the coordinate system is 1/3 below the T- 
line and the height of the triangle amounts to "1". 








1 
| In the multiplet M10(0,3) we have 
Figure 4.9.2. The 3 3L -233 
A E 9-5-5) =10.0), and vfa)=Sus|>,-5) 
ey, 0,0}, =-1 2a =~1|1). Therefore the origin lies one unit above the 
3 eae Oh 


mesh point |1). 


Obviously the origin of the TY-coordinate system 
lies on the intersection point of the symmetry 
axes s and s' (see figure 4.9.3), because there 
the eigenvalues U3 and V3 vanish i.e. 


2 
Y |T2UaV3) = 3 (Us +Va)|T3U2V2) = 0. (4.9.6) 


The value Y' in figure 4.9.3 is for planimetric 
reasons (origin = center of gravity of the figure) 


x3 


Ba 
3 2 





Y= 





(p+2q)=*3(q+P=4), (4.9.7) 


Since p and q are integers the expression a 
amount to an integer number plus O, 1/3 or 2/3. 
Therefore, the points on top of the multiplet can 
have the Y-coordinates integer, integer + 1/3 or 


integer + 2/3 (measured in units of 3/2). This 

is true for all the states of the multiplet because 

they differ by integers in Y. One says that the 

multiplet has the Figure 4.9.3. Coordinate 
system TY. 
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triality A (r= 0, 1, 2) (4.9.8) 


if its coordinates are (integer + 5) 


4.10 Irreducible representations of the su(3) algebra. 
Due to (3.2.12) and (1.4.3) we have 


d 


en, = r(e, = >(-Zi)r4 ik (4.10.1) 


l=1 


Therefore, the matrices -SiC (4) are a representation of the Lie algebra su (3). 


Equation (4.10.1) can be written as 
d 
AW =D (4): 
l=1 
According to (1.3.6) the matrix elements of Z (4,) read 
F(A)? = Vn Ave). (4.10.2) 


By means of (4.2.4) and (4.2.6) we can write the operators A; this way 


A,=T,+T., 4’, =-i(T,-T_), Ay = 27s, 
A, =V, +V, 4 =-i(V,-V_), 


|2) 
. 2 
|3) |) 4% =U,+U_, %4 =-i(U,-U_), Ay = r ANV: 
|5) |4) (4.10.3) 
For the moment, we don't make use of the operator Y. 
|6) Given a su(3)-multiplet, the matrix elements (4.10.2) can 
: be calculated using the su(2)-rules (3.3.20), (3.3.25) and 
Figure 4.10.1. (3.3.26) for the T-, U- and V-operators. 


Multiplet Me(2,0). 


For example we determine the su(3) representation of the multiplet Me(2,0) 
(figure 4.10.1). The states |1),|2),..,/6) are characterized by the following 


T} U, and V, values 
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state T; U; V3 


1 0 1 
0 1/2 1/2 
—1 1 0 


1/2 -1/2 0 
-1/2 0 -1/2 
0 —1 —1, 


oOo BR WN 


If the operators T,,U,orV, act on triplet su(2)-states a factor V2 appears 
according to (3.3.27) and doublet states have only the factor 1. We obtain 


T_|1)=2|2), T|} =|b. 


T, |2)= v20, T. |2)=v213). 
T, |3) = V2|2}, T,|3)=-|3), (4.10.4) 
T.|4)=|5),  T|4)=514), 
T, |8)=|4), T, |5)=-]9). 


The remaining expressions with T-operators vanish. For the U- and the V- 
Operators analogous relations hold. Therefore due to (4.10.2) and (4.10.3), for p = 
2 and q = 0 we have for example 


2,0) 


D(A) = Vin |TV) + Ym IT [Vs (4.10.5) 
which yields for m = 1 and k = 2 
P(A), =V2 +0. (4.10.6) 


With the rest of the matrix elements and of the operators A; one has to proceed 
similarly and obtains the 6 x 6 -matrices Ra) representing su(3) like this 


15 























0 2 o0 o 420 
2 0 V2 0 J2 0 2 0 
2,0 2,0 
ra ie Ea N OW l 
1 0 0 -1 0 
0 0 0 1 0 O 
0 0 0 0 0 
20 0 J2 0 0 
00 0 0 0 O 1 O 
(20) |O 0 -2 (2,0) 00 0 
I = , La = l 
EU) 10 of £6) V2 00 o o 32 
0 -1 0 Oo 10 0 0 0 
0 0 0 000 J2 0 0 
(4.10.7) 
-/2 0 0 0 0 O 
0 O -1 0 0 1 O 0 
2,0 0 0 o0 z0 o/22 o0 
F(a)" Si ele a. ah ae aah 
J200 0 0 ,2 0 
0o10 O0 0 0 o a2 0 0 42 
000 v2 0 0 0 0 0 v2 0 
0 0 0 aa 
0 10 0 010 0 
g 5 001 
0 -v2 0 
(20) _ | (2,0) _ 1 
L(A) =l O 1 0) 0 6) 6) L(g) =) -3 0 0 
o 0 /ẹ⁄2 0 0 <a> 5 du ad 
00 0 0 V2 0 2 
0 0 -2 
By numerical calculation one makes sure that the relation 
2,0 (2,0) : 2,0 
z(a) Malta) |= 2c £(4e)! (4.10.8) 


is satisfied, which we expect from considerations in section 1.4 and from equation 
(2.3.2). The Cjx's are given in table 4.1.1. 


If one works on the simple "quark" multiplet M3(1,0), proceeding in the same way 
one produces a representation of su(3) with 3x3-matrices. If the state numbers 
and the coordinate system are chosen as in figure 4.8.1, the numerical calculation 


reveals that the representation matrices Tr(a coincide with the corresponding 
matrices 4, , which is a trivial consequence of the definition (2.2.13). 
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In order to obtain a representation from the "antiquark"-multiplet W3(0,1) we have 
to take the "anti" coordinate system of figure 4.3.3 or of figure 4.8.2. The resulting 


matrices I (4, e3 coincide again with 4, . 


4.11 Casimir operators. 


In the su(2)-algebra the operator J? plays an important rôle. On the one hand it 
commutes with the elements J, ,J_,J, (see (3.3.3)) and therefore with e,,e,,e, 


i.e. with all elements of su(2), and, on the other hand, the functions of the su(2)- 
multiplets are eigenfunctions of J? according to (3.3.19). The eigenvalue has the 
form j(j+1), which contains the integer or half integer quantum number j. It is 


characteristic for the multiplet in question. 
Operators which commute with all elements e, of a Lie algebra are named Casimir 


1. : 
operators. Because of e, ia they commute also with the generators /,. 


Generally, one can show that the states of a multiplet accompanying the algebra 
are eigenfunctions of the Casimir operator and have a uniform eigenvalue (part of 
the theorem of Racah). Furthermore it can be proven that the number of Casimir 
Operators attributed to a Lie algebra is identical with the rank / of the algebra (see 
at the end of section 4.1). Generally it can be shown that the algebra su(N) has 
rank N — 1. Therefore, in su(2) the operator J? is the unique Casimir operator and 
su(3) has two such operators. 


In analogy with su(2), all functions of a multiplet are eigenfunctions of every 
Casimir operator. This simultaneous property of the Casimir operators C4, Co, .. ,Cj 
is based on the fact that they are constructed as combinations of quadratic or 
higher expressions of the generators (See below the equation (4.11.2) below). As 
a consequence, a Casimir operator Cj commutes with every partial operator A; of 
another Casimir operator C; and therefore with the whole operator i.e. 


[c;,C;]=0, (4.11.1) 


which results — as we know — in simultaneous eigenvalue equations of these 
operators. They yield the eigenvalues C,,C,,..,C,. Practically, these values are 
formulated by / independent parameters p,,p;,..,p,, which characterize the 
multiplets instead of the C's. The integers p and q, which appeared in su(3) at the 


end of section 4.4, are parameters of this kind. In the next section we will see how 
the eigenvalue of Cı is composed of them. 


Casimir operators can be defined in diverse ways. Because the sum of two 
operators of this kind commutes also with the generators it is a Casimir operator 
as well. This holds also for a polynomial of such an operator or for a mixed 
polynomial of several Casimir operators. 


We will show that the quadratic Casimir operator Cı of su(N) has the following 
form 
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C, =-) 4 (4.11.2) 


The operators aM constitute the basis of the algebra and n is its dimension. In 


su(2) the expression (4.11.2) reads 
CO - (5245/7 +I) =. (4.11.3) 


Of course, +J * can be taken as well. We now prove (4.11.2) and check whether 
Cı commutes with an arbitrary element Ax. 


[Cy a}=- [474 J=-2(4 [4,4] laa) = 


E ia (4.11.4) 
i 2i>° » (Cm Am a Cid: ) =0. 


i=1m=1 


In the last term we have replaced and interchanged the indices and made use of 
(2.3.6) like this 


Tenan S CA en Y Oa a A) 


i,m=1 m'i'=1 m'i'=1 i,m=1 


It can be shown that the Casimir operator Cz contains the generators A; in third 
order. However no general constructing procedure is known. Anyhow, in su(3) the 
expression 


C,=C, [2e,- a (4.11.6) 


can be given. It can be transformed in another one with the A's in third order, 
which looks very similar to a transformed expression for C; (Greiner, Müller, 1994, 
p. 197). 


4.12 The eigenvalue of the Casimir operator Cı in su(3). 


If we change the sign in equation (4.11.2) the essential properties of the Casimir 
Operator remain unchanged. This form is also very common and will be used here: 


C, = Da (quadratic Casimir operator). (4.12.1) 


By means of (4.10.3) we write a +A, le S(T. +TT,). Analogously, we 


make up = (Ae? +a) and a +A, ee Using asa (Us +V), (4.10.3), we 


obtain 
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C, = STT +T T, +V,V_+VV,+U,U_ +U U,)+ 


4.12.2 
1 4 ( ) 


aari +3(Vs +Us)}) 


As we have mentioned in section 4.11 all the states of a 
|A) multiplet have the same eigenvalue of the Casimir 
\u operator. We choose arbitrarily the state |M) with the so- 


called maximal weight. According to (4.5.2) up to (4.5.4), 


|M) ; p+q p+q 

we describe it b Ms 
—+ y m) | <a ) 

T 
a = ie = PR and apply the operator C, on it. If the 
2 he [2 2/y 

operators V,,T, andU_ act on |M} they lead out of the 
Figure 4.12.1. multiplet and yield zero. In order to make use of this 


States |M)and|A) property we write according to table 4.2.1 


T,T_=T_T, +27, 
V.V_ =VV, +2V; (4.12.3) 
U U, =U U_-2U,, 


which we insert in C;. We obtain 


C,=TT,+VV,+U,U_+T, +V;—U, +T; + Sm + U,) (4.12.4) 


If Cı acts on |M) the first three expressions on the right hand side do not 
contribute to the result and we get 


c,|Mm)- P19, 4 (p34) (P29) M) 
i 2 2 2 2 3\ 2 





(4.12.5) 
Bick ap 2 
[eee = q +p+a |m) 
That is, the eigenvalue amounts to 
p° +pq+q? 
C, = ——+p+q (4.12.6) 


3 
up to an arbitrary factor, which depends on the definition of C4. 


As an exercise and as a check, we calculate the Casimir eigenvalue by mean of 
state |A) (see figure 4.12.1). According to (4.5.5) up to (4.5.7) we write 
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Ae De E ee A a E, (4.12.7) 
i a ye see Saas y 2° 7 


By means of (3.3.25/26) we formulate 


(4.12.8) 





q q+2 q-2 q 
= ; -A|A\=qlA 
Vaya a Bal) 
and obtain 


C,|A) = (r, +V V, +U,U_+T, +V; -U +T; +E, +u) A) 


2 2 
s[ososq+ t9, pit, a72 (+g +i(pt1a+2) Ja 








2 2 2 3 2 





2 2 2 2 
-[a+p+4 1 eae grajja [Pt pega), 


(4.12.9) 


which we expect because |A) belongs to the same multiplet as |M}. 


4.13 Direct products of su(3)-multiplets. 


In sections 3.4/4.10 we have dealt with su(2)/su(3) representations affiliated to 
su(2)/su(3)-multiplets. The direct product of irreducible su(2)-representations have 
been investigated in section 3.5. In section 3.6 their transformation in the block 
diagonal form i.e. the decomposition in a direct sum of irreducible representations 
has been performed. By this transformation, the corresponding set of pairs of 
functions has been brought in a direct sum of multiplets of su(2). 


This procedure can be applied to su(3)-representations and -multiplets, which 
requires su(3) Clebsch-Gordan coefficients. However, we state without proof that 
the decomposition of the su(3) function set of a direct product of multiplets can be 
performed very similarly to the graphical method for su(2) explained in section 3.7. 


Again we depict the function set of a direct product in such a way that we draw the 
first multiplet M(p,q) according to figure 4.13.1 and set the second multiplet 
M'(p',q" repeatedly so that its centre appears in every point of M(p,q), which we 
delete afterwards. 


For example the tensor product M,(1,0)®M', (1,0) (see section 4.7) is made up 
like this 
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(J @ (J 
Ta ee 
= e o ® e e Me (2,0) M5 (0,1). 


Figure 4.13.1. Tensor product of M, (1,0) 
and M; (10). 


In the second diagram each double occupancy is outlined by a point and a circle. 
The third diagram is decomposed by splitting off first the larger multiplet. 


In figure 4.13.2 and 4.13.3 two other examples follow: 


M, (1,0) ® M; (0,1) = ‘Ye Ee ye 


= © © © p @ =M;(11)®M, (0,0) 


Figure 4.13.2. M, (1,0) ®M, (0,1). 
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Ma(10)®M,(L0)@M3(40)= > ə 2? pg r 


= M, (3,0) ® 2M, (1,1) ® M, (0,0). Figure 4.13.3. 
M; (1,0) & M; (1,0) & M, (10). 
Here the diagram for M, (10) &® M, (1,0) has been taken from the first example 
(figure 4.13.1). The resulting direct sums in figures 4.13.1 up to 4.13.3 are named 
Clebsch-Gordan series. 


The states of one multiplet of a Clebsch-Gordan series differ in the coordinate Y 
from the states of another multiplet by 0,+1,+2,.. . Therefore we state that all 
multiplets of a Clebsch-Gordan series have the same triality (See (4.9.8)). 


In table 4.13.1 the decomposition of the tensor products of the smallest multiplets 
is given. 


Table 4.13.1. Direct products of su(3)-multiplets 


M; (10) @M; (10) £M; (2,0) ® M; (0,1) 

M; (1,0) &® M; (0,1) £M; (1,1) ® M; (0,0) 

M, (1,1) &® M; (10) 4M, (2,1) ® M, (0,2) ® M, (1,0) 

M, (1,1)&® M; (11) £M% (2,2) ® M (3,0) ® M, (0,3) ® 2M, (1,1) © M, (0,0) 
M; (2,0)®M; (LO) £M (3,0)® M; (1,1) 

M; (2,0)®M; (0,1) 4 Myg (2,1) © M; (1,0) 

M; (2,0)&® M; (11) 4M,,(3,1) ® Mı; (12) ® Mg (2,0) ® M; (1,0) 
M,(2,0)®M,(2,0) =M,,(4,0) ®M,, (2,1) ® M, (0,2) 

M; (2,0) ® M, (0,2) £M (2,2) ® M, (1,1) ® M, (0,0) 
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(2,2) © Myo (3,0) ® Ms (1,1) 
(3,2) ®M,, (1.3) ® My, (4,0) ® 2M,, (2,1) ® 
0,2)® 


12) ®M, (10) 
M,5 (2, @M, (2,0) = Mos, (4,1) ® Moz (2 2) ® Myo (3,0 )®M, (0, 3) @ M; (1,1) 
Mys (2,1) ®Mg(0,2) £ Ma (2,3) ® Mz (3,1) © Mys (1,2) @ Ms (2,0) © M; (0,1) 
Mys (2,1) ® My, (2,1) Ê Mg (4,2) ® Mp, (5,0) ® M, (2,3) ® 2M, (3,1) ® 

M; (0,4) ® 2M,, (1,2) ® M, (2,0) ®M; (0,1) 


M; (2,1) ® Mys (L2) £ Mog (3,3) ® Mog (4,1) ® Migs (1,4) ® 2M, (2,2) ® My, (3,0) ® 
Myo (0,3) ® 2M, (1,1) ®M, (0,0). 


The subscript number is the dimension of the multiplet. The product of the 
dimensions of the factor multiplets must equal to the sum of the dimensions of the 
decomposition. 


4.14 Decomposition of direct products of multiplets by 
means of Young diagrams. 


In section 4.6 we acquainted ourselves with the technique of Young diagrams 
determining the dimension of multiplets. We now apply it to direct products of 
multiplets in order to decompose them. Because the graphical method of section 
4.13 gets more and more laborious with growing values of p and q the efficient 
method of Young is welcome. 


We present the procedure of Young without proof and formulate it not only for two 
ordering numbers of p and q but generally for p,,p,,..,P,_, (the number /=N—-1 


of independent parameters is reviewed in section 4.11). We work with an example 
containing two multiplets as factors, which have, however, only two parameters i.e. 
N=3. We draw the factor multiplets in the standard arrangement (see section 
4.6) like in figure 4.14.1 


m (2,1) = and M(0,2)= | 12 | 1| 
l _1 (4.14.1) 


In the second diagram we marked the boxes with the number of the corresponding 
row. We now add the boxes of the second diagram to the first one in all possible 
ways following these rules: 


(1) No row may be longer than the upper one. 
(2) In asu(N)-multiplet no column may contain more than N boxes. 
(3) Within a row, the numbers in the boxes must not decrease to the right. 


(4) Within a column, the numbers must increase downwards. 
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In our example we begin with configurations which contain the number 1 in the first 
row like this in figure 4.14.2. 






Figure 4.14.2 
Configurations. | 


There are the following additional restrictions: 


(5) In the resulting Young diagrams one goes through all 
boxes from the right to the left and from the top to the 
bottom. At each point of the path the number of boxes 
encountered with the number / must be less or equal 
to the number of boxes with i — 1 (Figure 4.14.3) 





Due to (5), in our example only the diagrams a,b,d,e and o are permitted. 


(6) Columns with N boxes have to be deleted (if the diagram consists only of 
such columns there is the multiplet M(0,0, .. ,O)). 


In accordance with (6) the diagrams b,d,e and o have to be reduced. That is, we 
have the following result 


Mys (2,1) ® M, (0,2) & May (2,3) ® M34 (3,1) © Mys (1,2) ® My (2,0) ® Mg (0,1) (4.14.1) 


in accordance with table 4.13.1. 
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Another example reads 





M, (1,1) ® M, (41) = 


Moy (2,2) ® Myo (3,0) ® Myo (0,3) ® 2- My (1.1) ® M, (0,0). 
Figure 4.14.4. Direct product M, (1,1) ® M, (11). 


Of course, the technique of Young applies also to su(2)-multiplets. In connection 
with expression (3.3.20), we have denoted them by [j] or M,;,,(2/). The second 


symbol shows that its dimension is 2j + 1 and the number of states minus one is 2j 
(see (4.5.1)). In the following example we will start with the [i] -notation, and finally 


we will come back to it as follows 


gennom- C e CE- 
| 





in accordance with (3.7.1). 
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5 The Lie algebra su(4) 


Analogously to the previous chapter, the basis elements, generators and structure 
constants of su (4) are determined and discussed. There are three additional 
subalgebras in su (4), the step- and "third" operators of which determine the 


"three dimensional" structure of the multiplet. Their decomposition in "layers" and 
their dimension are dealt with. 


In analogy with the "hypercharge", the so-called "charm" is introduced. Direct 
products of multiplets and their decompositon in Clebsch-Gordan series are 
performed mainly by Young diagrams. 


The operators constituting the Cartan-Weyl basis of su (4) are given. The 


canonical relations, which comprise a set of rules for the commutators of these 
Operators, are presented numerically. 


5.1 The generators of the su(4)-algebra, subalgebras. 

The anti-Hermitian 4x4 matrices e, with vanishing traces constitute the basis of 

su(4). In analogy to sections 2.2 and 4.1 Hermitian 4x4 matrices 2, or generators 
1. 

->i 


are split off from e, this way e, = 5 


4,. 


Due to (2.1.4/5), the seven 4 -matrices from (4.1.1) can be used attaching a 
column of zeros on the right in the matrices and a row of zeros at the bottom. We 
proceed in the same way with the diagonal matrix of (4.1.2) and obtain 














0100 0.20 0 1000 
-|1000 , Ji 9 0 O JO -1 0 0 
= 10 0 00/ = |0 0 00/ = |0 0 0 0)’ 
0000 0000 0000 
0010 00-i 10 
0000 0000 
A = PES e a , (5.1.1) 
=4 |1000 = i 000 
0000 00 0 
0000 0000 10 0 0 
0010 00 -i0 1/0 10 0 
A = , A= , A= 
=& jo100 7 jo i ool =% 310 0 -2 0 
0000 0000 0000 


According to (2.1.5) we complete the set with 


0 
el 
=9 |o 

1 

0 
gall 
Su jo 

0 

0 
sie 
“13-19 

0 


O0OOoO0OoOor Oa aA CeCe Oo 


S66) 6 Ova +O. .@o- 0-0 a: 2 


See: oO: (OS: es 6. CO Our 


1o 7 


Ay. 


Aig 


0oO0OoOOoO Oaoaaan7 oC O 
-0oo0oo0oe09eoo0e so? 


O O O Oo 


ooo O0OoOaOoa PCC oe 


O 


(5.1.2) 


In order to meet the trace condition (2.3.3) (see (4.1.2)) we choose the remaining 
matrix like this 


1 


110 


EEE 
=15 V6 0 


0 


O O rF Oo 


The commutator 


(5.1.3) 


relation (2.3.2) applies [4,,2, |=} Cw214. The structure 
l 


constants connecting the generators 2, up to 4, are identical to the values in 
table 4.1.1. For the residual generators the following structure constants result 


Table 5.1.1. Additional non-vanishing structure constants of su(4). 


i 


0 oa A AUU NNBPeHEPE 


k 


l 


12 
11 
11 
12 


10 
12 
14 
13 
13 
14 


Ciki 


1/2 
-1/2 
1/2 
1/2 


1/2 
-1/2 
1/2 
-1/2 
1/2 
1/2 


From tables 4.1.1 and 5.1.1 we take 


i 


O œ O Oo NNOO 


e e 
wW e 


k 


l 
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[ 4545 |= ss ]=| 24s]=0 (5.1.4) 





that is, the generators 2,, 4, and 4,, (and not more) commute mutually. Therefore 
the Lie algebra su(4) has rank 3 (see at the end of section 4.1 or the second 
paragraph of 4.11). Due to the strict correspondence between the generators 4, 
up to 4, of the algebra su(3) and the same generators of su(4), su(3) is a 
subalgebra of su(4). Generally, the algebras su(N’) with N'<N are 
subalgebras of su(N). 


From now on we deal with the operators A,, Az, ... , Ais constituting an algebra 


which is isomorphic to the matrix representation (ag A E Their 


commutators reveal also the structure constants of table 4.1.1 and 5.1.1. In su(4) 
the T-, U- and V-operators are defined identically to (4.2.4) up to (4.2.6). In 
addition, we define the following operators 


1 . 1/1 1 2 

W, =—(A4 +1 f W, = =| = 4 +—= A4 +, f 

t 5 (Ay Aro) 3 ia ofa 2a 
1 : 1f 1 1 2 

X, => +i f X,=—| -=A, +—= A +, ; 5.1.5 

= 5 (An tidy) 3 A LR 2a (5.1.5) 
1 1 1 2 

Z, => +i : Z, => —-—=A,+,/= 

+ 5 (As A4) 3 A Ba 2A 

with the following linear dependencies 


By means of the structure constants the following relations can be shown 
[W,,W.|=+W.,  [W,,W_]=2W,, 
[X,,X.]=+X., [X,,X_]=2X,, (5.1.7) 
[Z2 Za [Z,,Z_] =22Z, 


in analogy to (4.2.5) and (4.2.7). 


As explained in context of eq. (4.2.8), su (2) -multiplets are affiliated to the T-. U-, 


V-, W-. X- and Z-algebras. The commutators of the T-, U- and V-operators are 
given in table 4.2.1. In table 5.1.2 we put together the commutators of the W-, X- 
and Z-operators with all operators of this kind. 
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Table 5.1.2. Commutator relations of W-, X- and Z-operators with T-, U-, V-, W-, X- 
and Z-operators. The commutator of an operator in the top line with an operator in 

the column at the right hand side results in the operator given in the corresponding 
field. 
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5.2 Step operators and states in su(4). 


From the tables 4.2.1 and 5.1.2 we observe that the operators 
T,,U3,V;,W,, X, and Z, mutually commute. Therefore, every function of su(4) 


which is eigenfunction of one of the operators is simultaneously eigenfunction of 
all of them and can be written this way 


|T3 U3 V3 W; X3 Z3}. (5.2.1) 


Table 5.1.2 reveals the relations 


[X.T.]=F5T., (5.2.2) 


In analogy with (4.3.6) up to (4.3.10), we infer 














1 1 1 peres 1 1 1 ' ' 
X; Z5 
n n n — 1 1 n — 1 n 
T.. |T, U3 V3 W, X,Z,)= y N (W3,Z3) T3 t+1U,+4—,V,; +—,W,',X,+4—,Z3 }, 
m m m —— 1 1 m m 
T, T UVW X23) = > N (w; XJ) Tee Uy a a a Mesias ; 
Wg X3 
(5.2.3) 
where we made use of (4.3.10). We sum up 
Ak 1 1 _1 
T, |T} U3 V; W; X3 Z3) > |T, +1U; ToN +5 Ws £5 Xs 4523 (5.2.4) 








Figure 5.2.1. T,-step in the 
T-W-X-plane. 
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The behaviour of the parameters W3 and X3 under the influence of the operator T, 


is outlined in figure 5.2.1, where the T-, W- and X-line constitute a new plane, 
which is indicated by a big circle. Because Z3 is not changed in (5.2.4), the Z-line 
must be perpendicular to the T-line. Analogously to (5.2.4), one derives 


U, IT; U; Vz W, X3 Z;) = 





Tə FSU; +1V, £5 WX +52, ri) 
(5.2.5) 





V, |T3 U3 V3 W; X3 Z3} > 








1 1 1 1 





Figure 5.2.2. Lines and planes of the 
su(4)-multiplets. 


That is, in order to represent the action of these operators geometrically we need 
an additional UXZ-plane and a VWZ-plane. The mentioned three planes are drawn 
as ellipses in figure 5.2.2. The W-, X- and Z-axes point downward below the 
drawing plane, which is stepped up by the T-, U- and V-line and marked by the 
large circle. For example, the action of the operator T+, which is drawn in the 
figures 4.3.1 and 5.2.1, can also be perceived in figure 5.2.2. 


From (5.2.4) and (5.2.5) we expect that the line pairs (T, Z), (V, X) and (U, W) are 
orthogonal, which is realized in figure 5.2.2. 


Consideration analogous to the derivations of (5.2.4) and (5.2.5) lead to 











W. |T U3 Vs Ws X3 Za) > REZ, UVEZ M +LX 45,2, £5), 
al 1 1 1 
X, [Ta Ug V3 W3 Xs Za) > [To FZU +5 Ve Ws EZ, Xa 412,45), (5.2.6) 





1 1 1 1 
T,,U, F—,V. F—,W.4+—,X,+—,2Z, +1). 
3 sts t3 3 2 3 2 3 





Z, |T; U3 V3 W; X3 Z3) > 
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The relations (5.2.6) can also be observed in figure 5.2.2. 


5.3 Multiplets of su(4). 





Figure 5.3.1. Two layers of the 
su(4)-lattice. 


Repeated applications of the operators 
T,,U,,V,,W,, X, and Z, generate a lattice 
of states in a tetrahedron like formation in 
analogy to the triangular formation in su(3). 
Figure 5.3.1 displays the tetrahedrons 
formed by two layers of lattice points. The 
arrows point downward to the circles in the 
drawing plane. 


Similar considerations as in section 4.4 
show that a su(4)-multiplet is a finite and 


convex part of this lattice. Symmetry arguments as for su(3) yield that a su(4)- 
multiplet My (P,,P2,Ps ) is constructed with the help of the following recipe: 


|e upward 


r 
, ` 
, ` p 
, ` 2 
, ` 
, 


N 


Figure 5.3.2. Main edges 
of the su(4)-multiplet 


Mg (Pa; P2; P3). 


a) The lowest layer (with circles) is a su(3)- 
multiplet with ordering numbers pı and p2 
(instead of p and q). At the end of the second 
line (with p2) climb up p3 units in the direction -Z 
(see the raising arrow in figure 5.3.2). 


b) Starting from the point just reached draw the 
smallest su(3)-multiplet in the "horizontal" plane 
with the same symmetry centre as the multiplet 
in the basal plane. 


c) Add further su(3)-multiplets in higher planes 
in such a way that all lattice points are also 
members of su(3)-multiplets lying in the sloping 
planes TWX, UXZ or VWZ (see figure 5.2.2). 


d) The body of the su(4)-multiplet has to be convex. 


e) Extending the recipe for "short paths" (see at the end of section 4.5) we say that 
if there are n "short paths" starting inward from a vertex the multiplicity is increased 
by n — 1. Symmetric paths are taken as one path and a path leading over a doubly 
occupied boundary point is equivalent to two paths. 





M,(1,0,0) 





Figure 5.3.3. su(4)-multiplets, p; = px = 0, pı = 1. 
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In figure 5.3.3 the smallest su(4)-multiplets are shown. The su(3)-multiplets in 
the basal plane are drawn with dashed lines and circles. In M,(0,0,1) it consists of 
a single state. M.(0,0,1) results from M4(1,0,0) by a 180° rotation around the T- 
line. Generally such a rotation transforms Ma (p,q,r) in Ma (r,q,p). 





Mo0(1,1,0) Mıs(1,0,1) 


Figure 5.3.4a. su(4)-multiplets, p; = px = 1, pı = O. 


The representation of M20(0,1,1) can be deduced from M20(1,1,0) by the rotation 
mentioned above. 









+ 
+ ` 
4 ` 
N © + 
.© ©, 
` 4 
` + 
` tote As 
` , 





Me4(1,1,1), lower part, Mea(1,1,1), upper part 
Figure 5.3.4b. 





Mo20(3,0,0) 





Figure 5.3.5. su(4) multiplets, p; > 1, 
pk= 1/0, p3 = 0. 


Meo(1,2,0) 


In the outlines of M20(3,0,0) and Meo(1,2,0) some state points are blocked out. 


In order to clarify the structure of su(4)-multiplets they are decomposed in 
layers parallel to the basal plane. The layers themselves are split up in su(3)- 
multiplets. In figure 5.3.6 for Mgo(1,2,0) the first layer above the basal plane (C = 1) 
and the second (C = 2) are given. 


© © 
© © 
© © 
© © 
@ 
Ca 1: C=2: 
M,” (2,1) ® Mg” (0,2) Myo” (3,0) ® Mg” (1,1) 


Figure 5.3.6. Intermediate layers of the 
multiplet Meo(1,2,0). 


In table 5.3.1 the decompositions of several su(4)-multiplets in su(3)-multiplets is 
listed. Superscript numbers mark the numbers (above the basal plane) of the 
layers. 
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Table 5.3.1. Decomposition of su(4)-multiplets in su(3)-multiplets. 


M ,0) ®M," (0,1) @M,”) (10), 
M,; (40,1) = M3 (1,0) ® M;® (1,1) ® M,” (0,0) ® M,® (0,1), 


Mea (441) =M” (1,1) ® My.” (1,2) M,® (2,0) M4” © 1)@ 
ial ce ies ae a (11), 
Myo (2,0,0) = Mg (2,0) ®M," (1,0) ®M,” (0,0), 
Meo (0,2,0) = M6” (0,2) ® Mg” (11) ®M, (2,0), 
Meo (12,0) = M,5® (1, izon, eom © (0,2)® 
Myo” (3,0)® e n 


M» (3,0,0) =Myo” (3,0) am 1 (2,0) © M? (1,0) @M,” (0,0). 
The decompositions of figure 5.3.6 appear in table 5.3.1. 


The formula for the dimension d(p:,)2,p3) of su(4)-multiplets reads (See section 
6.2) 


1 
d (P1 P2Ps) = 75 (Pr +1)(P2 + 1) (ps +1) (p, + Pi + 2)(P2 + Ps +2): (5.3.1) 


(Pi +P +P; +3). 


The subscript numbers in figures 5.3.3 up to 5.3.5 are in agreement with d in 
(5.3.1). This formula shows that the dimension is independent of an interchange of 
pı and pz. Because this operation performs only a rotation of the su(4)-multiplet 
(see the remark in connection with figure 5.3.3), this invariance is expected. On 
the other hand interchanges (p1p2) or (p2p3) influence the dimension d. 


The dimension can also be determined by the method of Young tableaux (see at 
the of section 4.6). As an example, we take the multiplet M.(0,1,0). The diagram 
consists of a column of two boxes where the numbers 1 up to 4 have to be filled in, 
following the standard prescriptions. We obtain 


L L T2 -2 3 


(5.3.2) 
234344 


The six pairs stand for dimension 6. In the literature multiplets Ma(p1,p2,P3) often 
are denoted by [d]. Because it happens that there are several higher multiplets 
with the same dimension d this symbol is ambiguous. We don't use it in this 
publication. 
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5.4 The charm C. 


In section 4.9 we have seen how the T-, U- and V-axes are replaced by the 
orthogonal axes T and Y. The representation of su(4)-multiplets is three- 
dimensional and it should be sufficient to give the distance of the lattice points to 
the T-Y-plane instead of the W-, X- and Z-values. This "height" is denoted by C 
and in particle physics it is named charm. 


We claim that the coordinate C is the eigenvalue of the operator 


c= 41,6 
4 4 


1 


Mic = 71-=(W, +X, +2Z)). (5.4.1) 


For the last term in (5.4.1) we have used the definitions (5.1.5). From tables 4.2.1 
and 5.1.2 we take 

[C,A]=0 with A=T;,U;,V3,W;,X, or Z}. (5.4.2) 
Therefore the following eigenvalue relation holds 

C|T,U;V,W3XZ; ) =C|T,U,V3W3X Z;). (5.4.3) 
Analogously we find 


[C,T,|=0 and deduce (5.4.4) 
C (T, |T,U,V3W/3X,Z,)) = TC |T,U.V3W3X 323) = C (T, |T3U3V3W3X3Z3)). (5.4.5) 


This means, the C-eigenvalue does not change after a step in the T-direction. The 
same is true for the U- and the V-direction. That is, the C-axis is orthogonal to the 
T-Y-plane (= T-U-V-plane). By means of the tables 4.2.1 and 5.1.2 we find 


[C,w, |= FS 2W, and 
C (W, |T,U,V3W/3X,Z,)) = W,C |T U V WX 323) FW, |Tg3U3VgW3X .Z,) = (5.4.6) 
(C F1) (W, |T,U,V3,W3X3Z3)). 


We observe that the C-value of a su(4)-state decreases by 1 if W, acts on it. The 
same is true for X, and Z, . That is, if we descend from the peak of the multiplet 
M, (1,0,0) (see figure 5.3.3) along the edges by a unit step, the height C is also 
reduced by a unit, which is geometrically impossible. We circumvent the problem 
by taking the C-values in units of J2/3 in analogy to the gauge of the Y-axis. As 
an example, we specify the state points of the multiplet M, (0,10) (see figure 
5.3.3) in T-Y-C-coordinates as follows 


th a a a a a oa 
2 3 2 3 3 2 3 2 3 3 
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5.5 Direct products of su(4)-multiplets. 


As in section 4.13 we do not develop the mathematical formalism of the direct 
product of multiplets but we accept the graphical method without proof. 


In analogy to the procedure for su(3)-multiplets, we have to set the second 
multiplet with its reference point (we choose the centre of the basal plane) in every 
point of the first multiplet, which we delete afterwards. Clearly this method 
becomes mostly very confused. Therefore we decompose the su(4)-factor- 
multiplets as in table 5.3.1 in su(3)-multiplets with increasing C-values. The direct 
product of both sums yields a sum of direct products of su(3)-multiplets with equal 
or different C-values. To every partial direct product we assign the C-value which 
is the sum of the C-values of both factors. Now we decompose these direct 
products using table 4.13.1 or the corresponding technique and attribute the new 
C-value to the summands. The whole sum of su(3)-multiplets is grouped in su(4) 
multiplets again using table 5.3.1. This technique is completely equivalent to the 
original graphical method. 


Following this line we handle two examples: 
M, (10,0) ®M, (1,0,0) = ce (10) mM," (0,0) |@ Las (1,0) ©," (0,0) |= 
3°) (10) @M,° (1.0) ® M4” (10) ®M," (0,0) ® 
eee (1,0) @M,” (0,0) @M,” (0,0) 4 
M° ae 0) © M,” (0,1) @ 


(5.5.1) 
3") (L0) © M,® (10) @M,” (0,0) = 
M, e ae 0)®M," (10) emu,” (0,0) 
M,® (0,1) ®M,” (1,0) = 
Myo (2,0,0) ® Mg (0,1,0), 
M, (1,0,0)®M, (0,0,1) =| M; (10) ®@M,” (0,0) |@| m,® (0,0) ©,” (0,1) |= 
°) (1,0) ® M,” (0,0) ® M,"° (1,0) 8 M,® (0,1) ® 
M; (0,0) @M,° (0,0) © M,® (0,0) ® Mz" (0,1) £ CCE 
°) (1,0) ® M,”” (1,1) @M,” (0,0) ® 
M® (0,0) ®M,” (0,1) = 
M,, (1,0,1) ® M,” (0,0,0). 
in the same way one derives 
M, (10,0) & M, (10,0) M, (1,0,0) £ 653) 


M» (3,0,0) ® 2- M» (11,0) ® M, (0,0,1). 
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In section 4.14 the decomposition of direct products of multiplets is treated by 
Young diagrams. In figure 5.5.1 we apply it to the case (5.5.2): 


= M (140,1) ® M (0,0,0). 
Figure 5.5.1. Direct product M (0,0,1) &® M (10,0). 






In table 5.5.1 further examples are given. 


Table 5.5.1. Decompositions of direct products of small su(4)-multiplets. 


M,(1,0,0) ®M, (10, 

M, (1,0,0)®M, (0,0 
M; (0,10) ®M, ee 
Myo (2,0,0) ® M, (1,0, 
0,0,2) @M, (1,0 


£ Mio (2, 
Mas ( 
Ma ( 
Mao (3, 
Mas ( 

ıs (L0,1) @M, (10,0) MCT Lom, (10,0), 
Məs (4, 
Mz ( 
Mas (2, 
Moa (14, 
Moo ( 


(40.1) M,(0,0,0) 
29 (1,0) © M, (0,0,1), 
p= 
,0) £ 


Mo ( 

Mas ( 

M» (3,0,0) ®M, (1,0,0) ê 

M» (0,0,3) ® M, (10,0) ê My (1,0, 3)@ M. (0,0,2), 

Ma (11,0) ®M, (10,0) 4 

Ma (0,11) @M,(2,0,0) 2 

May (0,2,0)@M, (10,0) 2 

Ma (11,0) © Ms (10,1) M Muso (2:11) ® Mog (3,0,0) © My (0,2,1)® 
2 «Ma (11,0) ® Mag (12,0) ® M, (0, 0,1). 


20 


20 


5.6 The Cartan—Weyl basis of su(4). 


In this section further structural properties of the su(4)-algebra are put together. 
Some relations are given without proof, but a lot of checks using the commutator 
tables are made. Most of the rules discussed hold also for other su(N)-algebras or 
even more generally for semisimple Lie algebras. 


We start with the weight operators T3, Y (See section 4.9) and a variant on C 
(section 5.4), which we denote by H;, H2 and H3: 
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1 

3% =T, =H, 

1 2 

ea ca a (5.6.1) 
V6 


at =W, +X, +Z, = H}. 
With the help of (4.2.8) and (5.1.6) one finds 
T, = A, 


2U; = -H, + Šk, 





1 2 (5.6.2) 
2W, = Mot me i 
1 2 
2X, =-H, +—H, +—H., 
3 1 2 2 3 3 
2 
2Z, = -H, to 


From the commutator tables 4.2.1 and 5.1.2 we take 


[H,,H,]=0, i,k =12,3. 


(5.6.3) 
We rename the step operators like this 

1 
T, =5(Ati2,) =Eu. 

1 , 
V, = 5 (A +i) =E, 

1 . 
U, = 5 (4s tid) = Ess, 

i (5.6.4) 
wW, = 5 (As tiho) =E, 

1 
xX. = 5 (4u tid) = Ess 


The operators H,uptoH, and E,,upto&,,are named Cartan-Weyl basis of 
su(4). 


Now we look on commutators of H-operators with E-operators and take the 
example 
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1, 1 
[H;,E.5]=[Ws,X,]+[X3,.X,]+[Zs.X, ] -(S+1+3)x, = (5.6.5) 


All commutators of this type yield similar results as follows 


[H Erl aE, ; i=1,2,3, k=+1,+2,....,+6. (5.6.6) 


Table 5.6.1 contains the so-called root components ax for positive k. 


Table 5.6.1. Coefficients ax for positive k. 
k Ok Oak O3k 


1 0 
1/2 1 
-1/2 1 
1/3 
-1/2 1/3 
0 -2/3 


OoRWNE 
—~ 
N 
NNNOOO 


For negative indices k one obtains 
Qi-k =~ Qik. (5.6.7) 


The vector a, =(Qy,2,,03,), kK =+1,+42,...,+6, is named root vector. 


Now we investigate commutators of Ex with E-k and choose 
1 2 
[E;,E>|=[X,,X_]=2X, = 1-H, + 5H, +H: (5.6.8) 


where (5.6.2) has been used. We sum up 


3 : 1 2 
[E;, E5]= $75; H; with 754 =-1 75; = 91153 = 3 (5.6.9) 
izi 


Generally one obtains for such commutators 
3 
[EE x] = Mi H; . (5.6.10) 
i=1 


Table 5.6.2 presents the values of the coefficients xi for positive k. 
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Table 5.6.2. Coefficients yi 


k Wa W2 W3 

1 2 (0) (0) 

2 1 3/2 (0) 

3 -1 3/2 (0) 

4 1 1/2 2/3 

5 -1 1/2 2/3 

6 (0) -1 23B. 


Replacing k by —k interchanges the operators in the commutator (5.6.10), which 
yields 


Y-k,i 7 ~ Mi. (5.6.11) 


We define the vector y= (Year Ykz:Yk3). 


Now we investigate the commutator |E,, E| with k +/ #0. The following relation 
is claimed 


[E..E,|=NvE,  withk+/+0, (5.6.12) 


where the indices fulfill the vector condition 


Ak +A; =Ap - (5.6.13) 
Of course the relation N= - Nu (5.6.14) 
holds. Due to (5.6.7) we have @_; =-@; (5.6.15) 


and with sign reversed indices k,/,m the equation (5.6.13) is satisfied as well. We 
investigate the following examples numerically using table 5.1.2 


[E;,E,]=[X.V,]=0, 


5.6.16 
[E,,E_,)=[X,,U_]=-Z,=-E,, ie. N; =-Lm=6, 


and with the help of table 5.6.1 we find a, +&_, = (0-2,2) =a,, Which satisfies 


(5.6.13). Table 5.6.3 puts together non-vanishing values Ny and the affiliated 
indices m. 
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Table 5.6.3. Coefficients Ny for positive k. 


k I m Nyi k I m Ny 
6 3 5 -1 4 -1 5 -1 

6 2 4 -1 4 -2 6 -1 

6 -4 -2 1 3 1 2 -1 

6 -5 -3 1 3 -2 -1 1 

5 1 4 -1 2 -1 3 -1 

5 -3 6 -1 

5 -4 -1 1 

Numerical inspection shows 
N-k,- =- Nx : (5.6.17) 


Making use of (5.6.14), (5.6.17) and table 5.6.3, the remaining non-vanishing 
coefficients Ng can be found. 


The inner product of the root vectors y, anda, , 


(ya) = eae (5.6.18) 
m=1 


contains further laws. Table 5.6.4 presents such products. 


Table 5.6.4. Inner products of Vi and g, values for (ro): 


k, l= 1 2 3 4 5 6 
1 2 1 -1 1 -1 0 
2 1 2 1 1 0 -1 
3 -1 1 2 0 1 -1 
4 1 1 0 2 1 1 
5 -1 0 1 1 2 1 
6 0 -1 -1 1 1 2 
1112 . : 
We make a spot check and calculate (74@s)=-s+5-5+5-2=1 as given in 
z 2 2 3-3 


table 5.6.4. The table is symmetric with regard to the diagonal. For negative 
indices the relations 


(roai) = -hz p2) =-(zp 1) =(7 p2) hold. (5.6.19) 


(z2) 


(zea) 





The expressions 2 (5.6.20) 
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are specially important. The values of this expression are identical with the values 
for (ro) in table 5.6.4, because the diagonal contains only 2's. We can state 


that the expression (5.6.20) takes only the values 0, +1 +2: 


2 =O,2 123: (5.6.21) 
Yk’ hk 





Taking into account negative indices on the left-hand side does not change the 
statement. The theory of classical Lie algebras teaches that the expression 
(5.6.20) is at most equal to one of the values 0,+1+2,+3: 


il on. (5.6.22) 
Yk Zk 


Our result (5.6.21) is in accordance with this rule. 


Another theorem of the group theory states that if æ) anda, are root vectors of a 
so-called semisimple Lie algebra the expression 


a, - a, 2 (7,4) =a (5.6.23) 


(rea) 2 





is also a root vector @,. We calculate an example with / = 5, k = 3 making use of 
the tables 5.6.1 and 5.6.4: 


1 PO d= | Or ol. Ene (5.6.24) 
2'3 2 2 


For /=k we obtain @,-a,-2=-a,=a_,, te.n=-l. 





Table 5.6.5 presents the indices n(/,k) defined in (5.6.23) for positive / and k. 
Table 5.6.5. Values n(I,k). 


l, k= 6 5 4 3 2 1 
6 -6 -3 -2 5 4 6 
5 3 -5 -1 6 5 4 
4 2 1 -4 4 6 5 
3 5 -6 3 -3 -1 2 
2 4 2 -6 1 -2 3 
1 1 4 -5 -3 -1 


Due to (5.6.15) and (5.6.11) we have 
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2 (ee) S pe) and n(l,-k) = n(I)k). (5.6.25) 
(z pa) (y, 12.) 


In addition we obtain 








a, a ae p T i.e. n(-I,k)=-n(I,k). (5.6.26) 
Lk’ ^k Lk’ ^k 


By means for (5.6.25) and (5.6.26) we can extend table 5.6.5 to negative values 
for / and k. 


In the next step we investigate the normalization of the coefficients Ny (see 
(5.6.14)). In (5.6.12) instead of the indices k, /| and m the notation 
a,,a@, and a, + a, often is used and the relations (5.6.12) and (5.6.13) read 





| Fa, Ez |=N (5.6.27) 


aya, T Akta * 





If a, + & is not a root, the right hand side of (5.6.27) vanishes. 


We now assume that No, a, does not vanish and let follow a similar step 


| Ea, Eag = Na, a, +a,E2a, +a | Which contains another root, 2a, +æ, supposed it 





does not vanish. Because the number of roots is limited, this procedure, which 
generates a root series based on a, and containing @,, must stop once. Let 


nna, +@,,N« integer, be the last non-vanishing root. In the same way the root 
series 


a) , QT Qk: a, —2a,, sang a,—-N Kay (5.6.28) 





is generated. Group theory states the following relation 


A = TE (mu +1) (70a): (5.6.29) 
In order to check it with our su(4)-data we look for n°, and ny, for the pair (k,/) 
referred to in table 5.6.3. For example, we take a@,+a@,=a, and 





2a, +A, =Q; +a, -(0.2.4), which is not a root (see table 5.6.1). Therefore we 


have n*s:ı = 1. Analogously, we obtain -a, + a, = (3-3-2) which is not a root 


as well and we get ns; = 0. The same n-values appear for all pairs (k,/): 
ne=1 mn =0,z (5.6.30) 


which we insert in (5.6.29) using the diagonal values in table 5.6.4: 
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1 
Na Nama = b 221. (5.6.31) 


The value m(k,/) is associated to k and / according to table 5.6.3. 


We inspect our N-values in table 5.6.3. For instance we take k = 4 and I = -2: 


Nao *N a m(4,-2)6 = Na,-2*(—No,-4) = (-1)(-1) =1 in agreement with (6.6.31). For 
all pairs (k,/) the relation (5.6.31) is satisfied. 


The equations (5.6.3), (5.6.6), (5.6.10) (5.6.12) and (5.6.13) are named canonical 
relations. 
The results apply also to su(3) if we drop Hz and E,, up to Eş. If we leave out H2 


, too, and also E, and E,,, this theory is applied to su(2). The laws of this 


section hold not only for su(N)-algebras but also correspondingly for the so-called 
semisimple Lie algebras and result in a systematic order for them. 
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6 General properties of the su(N)-algebras 


In this chapter above all, properties of the su(N)-algebras (with arbitrary N), which 
have been mentioned in the previous chapters, are put together and completed. 


The generators are formulated generally. The recursion formula for the dimensions 
of su(N) -multiplets is applied. 


For fundamental multiplets the eigenvalues of the quadratic Casimir operator are 
developed and several direct products of multiplets are dealt with. 


6.1 Elements of the su(N)-algebra. 
The basis elements of the real su(N)-matrix-algebra with vanishing traces are the 


sig, (2.2.9). The Hermitian N x N — matrices A. 
(generators) are given partly in (2.1.5). For the remaining diagonal matrices 


usually one does not choose the obvious form (2.1.6) but one takes the set 


anti-Hermitian matrices e, =- 




















1 1 1 
=1 0 1 0 1 0 
0 i —2 i 1 
0 — 0 = -3 i 
V3 J6 é 
0 0 0 
0 0 0 
1 
1 0 
3 1 
meen 6.1.1 
N(N-1) ( ) 
0 1 
—N+1 








(see (4.1.2) and (5.1.3)). This set of diagonal matrices causes the trace condition 
(2.3.3) to be satisfied for all matrices 2, and 4,. This property produces the total 


antisymmetry of the structure constants Cw (See (2.3.6)). The set (6.1.1) contains 
N - 1 generators which commute mutually, that is, the Lie algebra su(N) has the 
rank N — 1. Therefore, there are N — 1 Casimir operators (Section 4.11). The 
generators (6.1.1) turn into the weight operators H,,H,,...,H,_, (see (5.6.1)). In 
order to determine the structure constants of su(N) no closed formulas are known, 
they have to be calculated by means of (2.3.5) performing matrix multiplications. 


The Casimir operators of su(N) are discussed in section 4.11 and an expression 
for the quadratic Casimir operator C; is given in (4.11.2). 
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6.2 Multiplets of su(N). 


Acting on functions of a multiplet, the N — 1 Casimir operators generate N — 1 
eigenvalues and finally N — 1 parameters p,, p;,...,P,_,;, which characterize the 
multiplet. They define the structure of the multiplet and lay down its dimension 
d (Pi P2,- Py_1). It can be shown that the general formula for d is insensitive to 


an interchange of pı and py. We have discussed this property for su(4) in 
connection with (5.3.1). 


There is a recursion formula which relates the dimension dy_,(,,P2,--»Py_2) Of 
a su(N-1)-multiplet with dy (Pi, P2+-- ,Pn-1) Of a su(N)-multiplet: 


1 
dy (Dis Pore Pree) = ——_ (Dy id 1) (Pui + Py_2 + 2) (Pui + Py_2 + Py_3 + 3) $ 


(N-1)! 
eet (Puai + + Pa +N -1) -dy (Po Pas 3 Pu-2)- (6.2.1) 
For N = 2 we use d; = 1 and obtain d, (p) =p, +1, (6.2.2) 


which coincides with 2j + 1 (see (4.5.1)). With N =3 we get 


d; (P1, P2) -5(; +1) (p +p, +2)(p, +1) (6.2.3) 


in accordance with (4.6.4). The next analogue step yields 


1 
da (Pi Pa: P3) = © (Ps + 1) (P3 + Po + 2)(Ps + P2 + Pi +3) 
(6.2.4) 


=(P +1) (p; + p,+2)(p, +1) 


in accordance with (5.3.1). 


The recursion formalism (6.2.1) is very suitable for computer programs and the 
existing more compact method (Coleman, 1968) nowadays seems not to be 
necessary anymore. 


Up to the end of this section we will deal with fundamental multiplets. The 
multiplet M(1,0, ... ,0) (with N — 2 zeros) is named fundamental multiplet for su(N) 
(see section 4.8 and (2.2.13)). The expressions (6.2.2) up to (6.2.4) yield dy = N 
for these multiplets, which is true for all N, because, if we_ insert 
dy_1 (4,0, ...,0) =N —1 in (6.2.1) we obtain 


dy (1.0, ... ,0) * Woy .(N-2)N(N-1)=N. (6.2.5) 


Due to (2.2.13), the fundamental multiplet y,, w5,...,w, meets 
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N 


ew, =) (6; ) v (6.2.6) 


l-1 


and with e; = —2iA, and e, = 214, we obtain 


N 
AW, = D(a) (fundamental multiplet). (6.2.7) 
[=f 


Now, we apply the quadratic Casimir operator Cı on wk of the fundamental 
n 

multiplet. Due to (4.11.2) and (4.12.1) we write C -154 , where n= N° -1 is 
i=1 

the dimension of the algebra su(N). 


n 


1% 1 N 
Cy, = aL Alh Wx) ==) (A) Yi 


4ia ja 
1 n N N N 1 n : 
=I (A)r 2 (Aim = Sisa ) bis (6.2.8) 


n 

Next we assert that yA: is proportional to the unit matrix 1,,. For example in 
i=1 = 

su(3) we have 





100 100 000 
ak sk SO, OA SAO SO 0 OA en SO 1 O eA) 
0 0 0 00 1 00 1 
10 0 
a,’ =3 O 1 0| and we obtain 
00 4 
1% 4 
PD (su(3)). (6.2.10) 
i=1 
Generally, this expression reads 
q1 nee 5 N2 —1 
— AS 1 6.2.11 
4 2 =! 2N =N ( ) 
(see Greiner, 1994, p. 376). We insert it in (6.2.8) as follows 
2 4 N 2 ta 
Cy, = Dont -7n (fundamental multiplet). (6.2.12) 


m=1 
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We observe that the eigenvalue of the quadratic Casimir operator for a 
2 





fundamental multiplet is - of course independent of the properties of the 


individual functions. 


Direct products of multiplets with N > 4 are intricate. For the decomposition in a 
Clebsch-Gordan series the Young diagram technique is recommended (section 
4.14, 5.5). By means of figure 6.2.1, we investigate the direct product of two 
identical fundamental multiplets 


secgemmece Je] CEE 


N-2 


= M (2,0, ... ,0)® M (0,1,0, ... ,0). 


<=, <=, 
N-2 N-3 
Figure 6.2.1. Direct product M(1,0,---,0)®M(10,---,0) 


We determine the dimension of the multiplet M(2,0,...,0) and claim 
dy (2,0,...,0) =N(N+1)/2, which is true specially for su(3) (use (4.6.4)). For the 


general case we insert dy_,(2,0,...,0) =N(N-1)/2 in (6.2.1) and obtain 





dy (2,0, ...,0) = 1-2-...:(N-2)(N +1): N(N-1)/2=N(N +1)/ 2 ,(6.2.13) 


QED. 


Analogously one shows d, (0,1,0,...,0)=N(N-1)/2. In the relation of figure 
6.2.1 we put in the dimensions as subscripts: 


My (1,0, ... 0) @ My (1,0, ... ,0) = Myra (2,0, ... 0) ® Mya) (0,40, ... ,0). (6.2.14) 
The dimension check N° =N(N+1)/2+N(N-1)/2 is satisfied. Analogously for 
a fundamental multiplet and an anti-multiplet the relation 


My (1,0, ... ,0) ® M, (0, ... 0,1) ê M „2, (L0, ... ,0,1) © M, (0,0, ... ,O0) holds. (6.2.15) 
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